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Galactosyl diglyceriden (galactolipiden) zijn vetachtige stof-
fen die het grootste deel uitmaken van de lipiden die voorkomen in 
fotosynthetische weefsels van planten. Zij bestaan uit een glyce-
rol-skelet met daaraan twee vetzuren met lange ketens die meestal 
meervoudig onverzadigd zijn en een of twee galactose moleculen. 
Deze componenten zorgen voor de oppervlakte actieve werking van 
galactolipiden; de vetzuren met hun lange alifatische ketens zijn 
hydrofoob, terwijl het galactose-gedeelte van de galactolipiden 
hydrofiel is. 
De chemische en biologische synthese alsook de afbraak van ga-
lactolipiden is onderzocht door een aantal onderzoekers. De uit-
komsten van hun onderzoekingen zijn, samen met een bespreking van 
een aantal mogelijke functies van galactolipiden in het fotosyn-
thetische apparaat, bijeengebracht in hoofdstuk I. 
Er zijn nog vele vragen betreffende de biosynthese van galacto-
lipiden. Op enkele hiervan was het onderzoek beschreven in dit 
proefschrift gericht. Met name over de factoren die van invloed 
zijn op de biosynthese en de regeling van de monogalactolipid/di-
galactolipid verhouding is nog niet veel bekend. Hierop hheft het 
onderzoek beschreven in hoofdstuk II betrekking. 
Tot nu toe was alleen bekend dat galactolipiden gesynthetiseerd 
worden door chloroplasten. Niet bekend was waar die synthese plaats 
vond. Hierop is het onderzoek gericht dat beschreven wordt in 
hoofdstuk III. 
Reprinted from 
Progress in the Chemistry of Natural Organic Products, in press. 
I Chemistry and biosynthesis of plant galactolipids 
1.1 Introduction 
Together with sulphoquinovosyl diglyceride (sulpholipid) the 
galactosyl diglycerides (galactolipids) are the glycolipids 
occurring in the photosynthetic tissue of algae and higher plants. 
In higher algae and plants they are mainly confined to the chloro-
plasts (1, 76, 108) where they form a structural part of the thy-
lakoid membranes. Apart from this structural function in chloro-
plasts several other functions have been attributed to the galac-
tolipids. These vary from a function as a carbohydrate reservoir 
to a function in the electron transport chain in photosynthesis. 
This review is intended to summarize the present knowledge of the 
synthetic and degradative chemistry of the galactolipids and of 
their functions in the photosynthesis of algae and higher plants. 
1.2 Occurence and localization 
In certain parts of higher plants such as flowers, storage or-
gans (e.g. bulbs, roots and potatoes) and fruits, galactolipids 
only occur in minor quantities (31, 32, 49, 55, 56, 97). In 
leaves of higher plants, however, they are among the predominant 
classes of lipids (2, 107) (Table 1). In tobacco leaves 83% of 
the total cellular monogalactosyl diglyceride and 88% of the di-
galactosyl diglyceride is present in the chloroplasts (76). In 
Q 
leaves of Zea mays and Antirrhinum majus 62% (2.10 molecules) 
of the total leaf galactolipids is found in the chloroplasts (53). 
Within chloroplasts the majority of galactolipids is located in 
the lamellae and osmiophilic grana (7, 91). Ultrasonicated chlo-
roplast lamellae agglutinated a monospecific antiserum to mono-
galactosyl diglyceride to a greater extent than did untreated 
stroma-freed chloroplasts. The antigen determinants of the mono-
galactosyl diglyceride are therefore located on the outer sur-
face of the thylakoid membrane (81). After the chloroplast enve-
13 
Table 1. Galactolipid composition of chloroplasts 
Lipid 
(% of total lipids) 
:tosyl Diga] 
diglyceride diglyceride 
Plant „ i ^ i „ - i ^ i References Monogalactos lactosyl 
Sugar beet 44 24 (107) 
Tobacco 42 31 (76) 
Spinach 38 25 (1) 
(lamellae) 
lope membranes were stripped by osmotic shock, spinach chloro-
plasts lost 17% of their total lipid. However, the lipids of the 
envelope membranes were not qualitatively different from those re-
maining in the lamellae of the stripped chloroplasts (80). Quanti-
tative differences in lipid composition between envelope membranes 
and lamellae were observed by Mackender and Leech (60). The galac-
tolipid¡phospholipid ratio was 18:1 in the lamellae and 2.6:1 in 
the envelopes. This was interpreted to reflect the functional 
differences between lamellae and envelope. Wintermans could not 
find evidence to support models in which digalactosyl diglyceride 
is supposed to be associated specifically with either photosystem 
I or II (108). 
Polygalactolipids, i.e. tri- and tetragalactosyl diglycerides 
were also identified in spinach chloroplasts. Their concentrations 
are to small for them to play an important role in the thylakoid 
structure (100). 
In chloroplast containing algae such as Chlorella vulgaris and 
Euglena gracilis the lipid composition is comparable to that found 
in leaves of higher plants. The galactolipid content of these 
algae depends on the way the cells are grown (68). On illumination 
of dark grown cells of Euglena gracilis the monogalactosyl digly-
ceride content rose from 2 Umoles in 100 mg of dark grown cells to 
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27 umoles in fully green cells; the digalactosyl diglyceride con­
tent rose from 1 Umole to 11 ymoles (84, 85). 
The blue-green algae have relatively simple lipid composi­
tions, because they contain very little subcellular structures 
other than those of the photosynthetic lamellae (29). They con­
tain the four classes of lipids also observed in the photosynthe­
tic systems of higher algae and plants, namely mono- and digalac­
tosyl diglyceride (J,2 ), sulpholipid (3), and phosphatidyl 
glycerol (4) (70). 
1.3 Structure determination and synthesis of galactosyl 
diglycerides 
1.3.1 Fractionation 
Before thin-layer chromatography had been developed fractio­
nation of the different lipids extracted from plant material was 
effected by paper chromatography of the water soluble products 
15 
remaining after lipid deacylation in methanolic KOH (JO, JJ, 12). 
Also counter current distribution of a benzene extract from wheat 
flour followed by chromatography of the fractions on a carbon 
column was used (20). Only partial fractionation of glycolipids 
extracted from plants can be effected by chromatography on 
columns of silicic acid (104). The separation of polar lipids on 
columns of DEAE cellulose followed by thin-layer chromatography 
(71) or column chromatography on silica gel (1) is very much 
better. At present the fastest and most accurate separations of 
glycolipids are achieved by one- or two-dimensional thin-layer 
chromatography with a variety of solvent systems (54, 67, 70, 79, 
93). Preparative isolation of mono- and digalactosyl diglycerides 
has been achieved using column chromatography on Sephadex LH-20 
(45) and preparative thin-layer chromatography (37). 
1.3.2 Identification and structure determination of galactosyl 
diglycerides 
Over 60 years ago Winterstein and coworkers isolated lipid frac­
tions from various plant material. After acid hydrolysis of these 
fractions, sugars were obtained which included galactose. It seems 
very probable that galactolipids were involved. The highest percen­
tage of sugar was found in lipids from wheat flour. From this same 
source Carter and coworkers (19, 20, 21) isolated, identified and 
characterized mono- and digalactosyl diglyceride. They made a ben­
zene extract of bleached wheat flour and fractionated it by counter 
current distribution between κ-heptane and 95% methanol into 4 frac­
tions. One of these, a lipocarbohydrate fraction, was soluble in 
warm acetone and after cooling separated into an acetone-insoluble 
and a soluble fraction (I and II). The fractions were hydrolyzed 
in boiling sodium hydroxide for 5 hr. The hydrolysates were aci­
dified and the free fatty acids extracted with petroleum ether. 
The aqeous solutions containing the carbohydrates were chromato-
graphed on a carbon-column giving 2 fractions (A and Β), which 
were chromatographically homogeneous in 3 solvent systems. Frac­
tions A and В were crystallized from absolute methanol and ethanol-
water respectively, and on acid hydrolysis in hydrochloric acid 
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at 100 for 1 hr both fractions gave galactose and glycerol. 
On oxidation with periodate, periodate reacting with vicinal 
hydroxyl groups, A consumed 3 moles of periodate and В 5 moles. 
These data were consistent with a galactopyranosyl-l-glycerol 
structure for A and a galactopyranosyl-1,6-galactopyranosyl-l-
glycerol structure for B. Confirmation of these results was ob­
tained with enzymatic hydrolysis of A and B. Yeast a-galactosidase 
liberated one half of the potential reducing power of B, while no 
hydrolysis could be detected after incubation of A with a-galacto­
sidase. With ß-galactosidase from EsaheviahLa ооЪі- no hydrolysis 
could be detected after incubation with B; however, with A hydro­
lysis took place. From these results it was concluded that galac­
tose was linked β to glycerol and that the second galactose was 
linked α to the first one. Supplementary evidence for the nature 
of the glycosidic linkages was obtained from optical rotation data 
(Table 2), since ß-galactosides usually have very low specific 
rotations, whereas a-galactosides generally have specific rota-
tions between 125 and 200 . Based on these results A was assigned 
the structure 8-D-galactopyranosyl-l-glycerol and В the structure 
α-D-galactopyranosyl-l,6-ß-D-galactopyranosy1-1-glycerol. 
Methylation of A and В with silver oxide and methyliodide, fol­
lowed by alkaline deacylation in methanolic-aqeous sodium hydrox­
ide resulted in products which consumed 1 mole of periodate. Acid 
hydrolysis in aqeous sulphuric acid at 100 for 16 hr released 
2,3,4-tri-O-methyl-D-galactose and glycerol from A and 2,3,4-tri-
0-methyl-D-galactose, 2,3,4,6-tetra-O-methyl-D-galactose and gly­
cerol from B. On the basis of these results it was concluded that 
in both mono- and digalactosyl-glycerol lipids 2 vicinal esteri-
fied hydroxyls were present in the glycerol moiety. 
Finally, the configuration of the glycerol moiety was deter­
mined by means of the infra red spectrum of monogalactosyl gly­
cerol, the "fingerprint region" (730-960 cm ) of which was iden­
tical with the infra red spectrum of synthetic O-ß-D-galactopyra-
nosyl-(l'1-l)-D-glyceritol obtained by Wickberg (106). Thus, the 
structures assigned to the 2 lipocarbohydrates extracted from 
wheat flour were determined as 2,3-diacyl-l-ß-D-galactopyranosyl-
17 
Table 2. Physico-chemical constants of mono- and digalactosyl glycerol 
Digalactosyl glycerol 
rrelt ing op t i ca l 
point rotation Reterenees 
ía) D 
Wickberg 
Carter et al. 
Sastry and Kates 
Smith and Wolff 
Steim 
Hemz 
Brundish and Baddiley 
Myrhe 
Wehrli and Pomeranz 
Heinz 
Veerkamp 





























































D-glycerol {= 1,2-0-diacyl-3-0-ß-D-galactopyranosyl-sn-glycerol 
(í)} and 2,3-diacyl-l-(Ql-D-galactopyranosyl-l ,6-ß-D-galactopyra-
nosyl)-D-glycerol {= 1 ,2-diacyl-3-0-(a-D-galactopyranosyl-l,6-3-
D-galactopyranosyl)-s?i-glycerol (2)}. 
1.3.3 Synthesis of galactosyl glycerol and galactosyl diglycerides 
The chemical synthesis of galactosyl glycerols using the Koenig-
Knorr reaction was carried out by Wickberg (105, 106) in order to 
compare deacylated natural glycolipids from the red algae Polysi-
phonia fastigiata and Corallina officinalis with synthetic com-
pounds. Therefore, special emphasis was laid on the preparation of 
the desired conformation of the glycerol moiety. The compounds syn-
thesized included 1-0-01-D- (9), I-O-0-D- Ц0) , 3-0-a-D- (22) and 
3-0-S-D-galactopyranosyl-e?î-glycerol (22) . Some ten years later 
Boos et al. (16) showed that ß-galactosidase could transfer the 
galactose moiety from a 3-galactoside like o-nitropheny1-ß-D-galac-
topyranoside (23) to 1,2-0-isopropylidene glycerol (24) to give 
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after mild acid hydrolysis yielded 42% of (12) (Scheme ]). 
A method for the synthesis of galactosyl diglycerides also 
starting with (14) was investigated by Wehrli and Pomeranz (102) 
(Scheme 2). Reaction of (14) with a-acetobromogalactose (16) 
yields racemic 1 ,2-isopropylidene-3-0-f5-D-tetraacetogalactopyrano-
syl glycerol (17). Under the conditions of this reaction the opti-
cal activity at C-2 of (14) is not preserved. After acid hydroly-
sis (pH 2) in hot 95% ethanol to rac-3-0-ß-D-2,3,4,6-tetra-0-ace-
tylgalactopyranosyl glycerol (18), fatty acid chlorides are 
attached to C-l and C-2 of the glycerol moiety giving rac-1,2-0-
acyl-3-O-(2,3,4,6-tetra-O-acetyl-0-D-galactopyranosyl)glycerol 
(19). The acetylated galactolipid (19) is then hydrazinolyzed in 
boiling 85% ethanol (15 min) to rac-1,2-di-0-acyl-3-0-ß-D-galacto-
pyranosylglycerol (1). 
If the preparation of galactosyl diglyceride is undertaken to 
compare the synthetic material with naturally occurring galactsyl 
diglycerides, this method is not very suitable because of racemi-
zation in the conversion of (14) to (17). Recently, however, 
Shvets et al. (92) published an alternative method for the synthe-
sis of glycosyl diglycerides which uses the orthoester method of 
glycosylation. Ethylorthoacetates of several glycoses {D-mannose, 
D-glucose and D-galactose (20)} were reacted with 1,2-0-iso-
propylidene-en-glycerol (14) (Scheme 2). The product (17) was hy-
drolyzed in 50% aqeous acetic acid to (18). If (18) was acylated 
in benzene at 55-60 a monoacylic derivative (21) was produced. 
However, acylation of (18) in boiling toluene led to quantitative 
yields of the diacyl derivative (19). The second acylation of (21) 
also took place in boiling toluene yielding the diacyl derivative 
(19). Finally, (19) was deacetylated by hydrazinolysis in boiling 
85% ethanol (25 min) giving 1,2-di-O-acyl-3-O-0-D-galactopyrano-
syl-en-glycerol (1). 
In order to preserve the optical activity at C-2 of the 
glycerol moiety and to be able to attach two different fatty acids 
specifically at the C-l and C-2 positions of the sn-glycerol 
Wehrli and Pomeranz (102) investigated the reaction sequence pre-
sented in Scheme 3. Starting material here is 2,5-methylene-D-
20 
mannitol (22)· The synthesis involves acylation of the primary 
hydroxyl groups of (22) which gives 1,6-diacyl-2,5-methylene-D-
mannitol (23)· Then an aldehyde (24) is formed by cleavage of the 
mannitol moiety between C-3 and C-4 with lead tetraacetate. Sub-
sequently, (24) is reduced by sodium borohydride and the resulting 
2,2'-0-methylene-bis-(l-acyl-sn-glyceritol) (25) is reacted with 
a-acetobromogalactose (16) by the Koenig-Knorr reaction. The 
acetal (26) formed in this manner is hydrolyzed under acid condi-
tions to 1-0-acy1-3-0(2,3,4,6-tetra-O-acety1-ß-D-galactopyranosyl)-
en-glycerol (27), and the hydroxyl group of (27) is acylated by 
the second fatty acid chloride giving 1,2-di-0-acyl-3-0-(2,3,4,6-
tetra-f3-D-galactopyranosyl)-8n-glycerol (19), which is hydrazino-
lyzed (39, 99) to the end product 1,2-di-O-acyl-3-O-0-D-galacto-
pyranosyl-e«-glycerol (1). The overall yield of the reactions (22) 
to (27) was only 2.3% and the deacetylated synthetic galactosyl 
diglyceride was optically inactive due to the non-strereospecific 
reaction of (25) and (25). 
Shvets et al. (92) too investigated a reaction sequence star-
ting with 2,5-O-methylene-D-mannitol. The reaction sequence is 
largely the same as the one shown in Scheme 3 starting from (25) 
except that the 1,2-traKS-glycosylation of (25) was carried out 
with tert-butyl orthoesters of acetylated glycoses in boiling 
chlorobenzene in the presence of catalytic amounts of 2,6-lutidi-
nium Perchlorate. Starting from (25) the overall yield of mono-
galactosyl diglyceride was 34%, while the products exhibited opti-
cal rotation (Table 2). 
In conclusion it can be said that the orthoester method offers 
the best possibilities for glycosylation because of the stereo-
specific attachment of the glycose to the glycerol moiety. The 
Koenig-Knorr attachment cannot be used if synthetic diglycerides 
are to be prepared for comparison with natural galactosyl digly-
cerides. 
21 
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Scheme 3. Synthesis of monogalactolipid (102) 
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1.3.4 Semi-synthesis 
In order to study the transfer of acyl residues from digalacto-
syl diglyceride and phospholipids to monogalactosyl diglyceride, 
thus forming acylgalctosyl diglyceride, Heinz (42) prepared mono-
and digalactosyl diglycerides having identical or different acyl 
groups attached to C-l and C-2 of the glycerol moiety by starting 
from natural lipids. Basically the method achieves an acyl ex-
change. The advantage of this semi-synthetic method is that the 
stereochemistry of the anomeric bond between the galactose and 
glycerol moieties is preserved. The starting material consisted of 
naturally-occurring galactolipids which were extracted from 
Sinapeie alba and Spinaaia olerácea leaves. The acyl residues of 
the galactolipid are hydrogenated (43). Next the hydroxyl hydro-
gens of the galactose moiety are substituted by 0-(]-methoxyethyl) 
groups giving 1,2-di-0-acyl-3-0-{2,3,4,6-tetra-0-(l-methoxyethyl)-
0-D-galactopyranosyl}-sn-glycerol {28) (Scheme 4). Subsequently 
the acyl residues in (26) were split off with sodium methoxide 
yielding 3-0-Í2,3,4,6-tetra-0-(l-methoxyethyl)-ß-D-galactopyrano-
syl}-sn-glycerol (29). At this point in the reaction sequence the 
two paths of preparing galactosyl diglycerides with the same or 
two different acyl residues at C-2 and C-3 of the glycerol moiety 
diverge. In order to prepare galactosyl diglycerides with the same 
fatty acyl residues (25) is reacted with fatty acid chloride in 
pyridine at room temperature. The protecting groups of the pro-
duct (30) are then hydrolyzed by heating with boric acid under 
anhydrous conditions, a procedure which gives rise to l,2-di-0-
acyl-3-O-0-D-galactopyranosyl-sn-glycerol (1). In this way mono-
galactosyl diglycerides were prepared having 2 acetyl (32), pal-
mitoyl (32), or oleoyl (33) groups. Yields varied between 20-33%. 
With digalactosyl diglycerides the same procedure can be followed; 
compounds synthesized by Heinz (42) include digalactosyl diglyce-
rides with 2 acetyl (34) or oleoyl (35) groups, the yields being 
18% and 24% respectively. 
In preparing galactosyl diglycerides with two different acyl 
groups use has been made of a reaction described by de Haas and 
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van Deenen (40) for the synthesis of lysolecithins (Scheme 5). 
They reacted racemic glycerol-1-benzylether (35) with stearoyl 
chloride at low temperature and found the products to be rac-3-
stearoyl- (37) and rac-2-stearoyl-glycero-J-benzylether (35) in 
a molar ratio of 15:1. In the reaction sequence of Heinz (Scheme 
Д) (25) is reacted with fatty acid chloride at -20 giving the 
lyso-compound (35), which after purification by column chromato­
graphy is then acylated with a second fatty acid chloride at room 
temperature. The product (.40) is subsequently hydrolyzed with 
boric acid giving a monogalactosyl diglyceride with two different 
fatty acyl residues (2). By this method a mono- and digalactosyl 
diglyceride with oleate at C-l and a palmitoleate at C-2 {41, 42) 
were made. 
Later, Heinz (44) used these routes to synthesize radioactive 
monogalactosyl diglyceride by using lipids that were labelled with 
С from leaves of Canna índica. The end product was l,2-di-0-
oleoyl-3-0-f3-D-(U- C)galactopyranosyl-en-(U- C)glycerol. For 
synthesis of digalactosyl diglyceride he used unlabelled leaf 
lipids as starting material. In Scheme 4 (25) was reacted with 
(9,10-3H2)oleoyl chloride yielding in the end 1 ,2-di-0-(9,10-3H2)-
oleoy1-3-0-(6-0-a-D-galactopyranosy1-ß-D-galactоруranosyl)-sn-
glycerol. Using this products he was able to discriminate between 
acyl transfer from mono- to monogalactosyl diglyceride and from 
di- to monogalactosyl diglyceride. 
Another approach was investigated by Shvets et al. (92). Glyco-
syl diglycerides were prepared by direct glycosylation of 1,2-di-
O-palmitoyl-en-glycerol with orthoesters of several glycoses under 
the conditions used for the reaction of (20) to (17) in Scheme 2. 
Deacetylation of the product (19) (with R= palmitoyl) was effected 
in the usual way by boiling in a solution of hydrazine in 85% 
ethanol for a short time. 
1.3.5 Fatty acid content 
The galactolipids of photosynthetic tissues contain large 
amounts of polyenoic fatty acids (Table 3). In leaves of higher 
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Table 3. Structures of fatty acids occurring in galactolipids of higher plants 
Name Symbol Structure 
Palmitic acid Cl6-0 CH^CHj)
 14-COOH 
Stearic acid С1Й-0 СН.-ЧСН.) ,-COOH 
Oleic acid Cjg.jOc) CH3-(CH2)7-CH?CH-(CH2)7-COOH 
L i n o l e i c ac id С
 a
 (9c,12c) CH3-(CH2) -(CH -CH?CH) -(CH ) -COOR 
α - L i n o l e n i c ac id C j g . ^ C 1 2c,15c) CH3-(CH2-CH?CH)3-(CH2)7-COOH 
plants more than 80% of the fatty acids of mono- and digalactosyl 
diglycerides contain 3 double bonds. α-Linolenic acid (С
 0 ,) is 
lol j 
the fatty acid most abundant in the galactolipids of chloroplasts 
Table 4 . F a t t y ac id composi t ion of g a l a c t o l i p i d s 
F a t t y a c i d s 
(% of t o t a l ) 
16:0 16:1 16:3 18:0 18:1 18:2 18:3 
 f l  References 









































































A b b r e v i a t i o n s : MGDG- monogalactosy l d i g l y c e r i d e , DGDG= d i g a l a c t o s y l d i g l y c e r i d e , 
t= t r a c e 
28 
of higher plants (Table 4). Linolenic acid occurs only in minor 
amounts in lower photosynthetic organisms like the "red tide" 
organism Gonyaulax polyedra (77), marine and freshwater diatoms 
(51) and red and brown algae (52). In these organisms long chain 
fatty acids with 4,5 or 6 double bonds are found (C . ,, C-
n
 ., 
and C 2 2 : 6 ) . 
In the monogalactosyl diglyceride fraction of Chlorella vul­
garis and other algae the positional distribution of fatty acids 
depends more on their chain length than on their degree of un-
saturation, С - acids accumulating preferentially in the 1-posi-
1 о 
tion and С , acids in the 2-position (87). 
1 о 
1.4 Biosynthesis 
The first studies of galactolipid biosynthesis were carried out 
by Benson's group in 1958 (12, 30). They found rapid incorporation 
14 
of CO« into monogalactosyl diglyceride and slower entry of label 
into digalactosyl diglyceride of photoautotrophically growing 
Chlorella pyrenoidosa. Within 5 min more than half of the label 
incorporated into lipids was found in the galactosyl moiety of the 
galactolipids. Based upon these findings they proposed the fol­
lowing scheme for the biosynthesis of mono- and digalactosyl di-
glycerides in plants: 
diKlvceride 
CO -»PGA> >> > >UDP-glucose->· UDP-galactose * ·< • 
. . .. , . , UDP-galactose (5). ,. . _ , ,. , 
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This scheme was confirmed by Neufeld and Hall (66) who found that 
galactose from UDP-galactose was transfered to an endogenous accep-
tor in spinach chloroplasts with the formation of mono-, di-, tri-, 
and tetragalactosyl diglycerides. The transfer was inhibited by 
bi- and trivalent cations and by UTP. Only UDP-glucose of several 
other nucleotide glycoses studied was able to function as a glyco-
syl donor, presumably after epimerization to UDP-galactose by UDP-
galactose-4,-epimerase. The enzyme and the endogenous acceptor 
were separated from each other by preparation of an acetone powder 
from spinach chloroplasts. This acetone preparation was also used 
1 4 by Ongun and Mudd (75) who observed incorporation of ( C)-galac-
14 tose from UDP-( C)-galactose into monogalactosyl diglyceride, but 
not into digalactosyl diglyceride when diolein was used as accep-
tor. Dipalmitine could not serve as acceptor. For digalactosyl di-
glyceride formation the preferred acceptor was monogalactosyl di-
glyceride. Because of experiments with fragmented chloroplasts and 
stroma in which the monogalactosyl/digalactosyl diglyceride ratio 
after incorporation of labelled galactose from UDP-galactose into 
galactolipid was different they concluded that the enzyme respon-
sible for the synthesis of monogalactosyl diglyceride is more 
tightly bound to the chloroplast membranes than that responsible 
for the formation of digalactosyl diglyceride. Later, Mudd et ai. 
(64) showed that in their preparation the pH optimum for galacto-
lipid synthesis from UDP-galactose was 7.2. At higher pH values 
the proportion of monogalactosyl diglyceride increased and that 
of di- and trigalactosyl diglyceride decreased. Maximal incorpo-
ration of galactose from UDP-galactose into galactolipids was at-
tained at 45 , the proportion of monogalactosyl diglyceride in-
creasing with temperature. They also showed that the biosynthesis 
of monogalactosyl diglyceride in the presence of spinach acetone 
powder proceeds most efficiently with more highly unsaturated di-
glyceride acceptors. Addition of diglyceride acceptors to chloro-
plast suspensions did not have any effect. 
Similar data were obtained by Bajwa and Sastry (8). These wor-
kers found that dialysed spinach leaf homogenates and chloroplast 
14 preparations incorporated 1- C-labelled palmitate, stéarate and 
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linolenate into monogalactosyl diglyceride in a reaction that was 
enhanced by CoA and ATP. A higher rate of incorporation was ob­
served with unsaturated fatty acids than with saturated fatty 
acids. Addition of galactosyl glycerol significantly stimulated 
only the incorporation of oleate and linoleate. 
Evidence that the formation of monogalactosyl diglyceride does 
not depend on the degree of unsaturation of the diglyceride accep­
tor of the galactose moiety was presented by Eccleshall and Hawke 
(28). Unlike Mudd et al. (64), they observed the same incorpora­
la 14 
tion of C-galactose from UDP- C-galactose into galactolipids 
when synthetic diglycerides, which differed in the degree of un­
saturation of their fatty acids, were added to acetone powders of 
spinach chloroplasts. With all the diglycerides tested, monogalac­
tosyl diglyceride was the main product with little accompanying 
synthesis of digalactosyl diglyceride. It was concluded that the 
galactosylation of diglycerides is not specifically directed to­
wards polyunsaturated diglycerides. The polyunsaturated monogalac­
tosyl diglyceride could arise either by desaturation of the fatty 
acyl residues subsequent on monogalactosyl diglyceride formation 
or by transacylation. 
A galactolipid synthesizing system in a soluble subchloroplast 
fraction of spinach was also described by Chang and Kulkarni (23). 
With UDP-galactose as the sole substrate the К for the monogalac-
-4 m 
tosyl diglyceride activity was 4.0 χ 10 mM and that for the di-
-4 
galactosyl diglyceride activity was 2.2 χ 10 mM. The enzyme was 
2+ . . . . 
completely inhibited by Hg , but this inhibition could be 
abolished by addition of mercaptoethanol (22). It is therefore 
plausible that the active centre of this enzyme contains one or 
more sulphydryl groups. 
Inhibition of galactolipid biosynthesis by sulphydryl reagents 
(N-ethylmaleimide, CdCl. and p-hydroxymercuribenzoate) was also 
observed by Mudd et al. (63). The inhibition of the galactolipid 
biosynthesis was in the order tri->di->monogalactosyl diglyceride. 
Galactolipid biosynthesis was also inhibited by ozone as a con­
sequence of the peroxidation of the double bonds in the unsatura­
ted fatty acids. 
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Appeqvist et al. (5) observed an increase of C-incorporation 
in the linolenic acid residues of the monogalactosyl diglyceride 
fraction of greening barley leaves, while there was no increase of 
label in the linolenic acid residues of the digalactosyl diglyce­
ride fraction. Only after two cell generations was label also 
found in the linolenic acid residues of the digalactosyl diglyce­
ride fraction. 
Noting the clear difference in fatty acid composition between 
mono- and digalactosyl diglyceride, with monogalactosyl diglyce­
ride containing more highly unsaturated fatty acyl residues than 
digalactosyl diglyceride, Bloch et al. (14) concluded that direct 
galactosylation of mono- to digalactosyl diglyceride was highly 
improbable, unless it is assumed that the highly unsaturated fatty 
acyl residues in monogalactosyl diglyceride are also chemically 
reduced to a considerable extent in the course of this process. 
On the other hand, Boiling and El Baya (15), studying the fatty 
acid content of wheat galactolipids during various stages of 
growth, observed appreciable changes in the content of digalacto­
syl diglyceride during maturation. This led them to conclude that 
for the biosynthesis of digalactosyl diglyceride UDP-galactose 
prefers monogalactosyl diglycerides that contain few polyunsatu­
rated acyl moieties. 
Consistent with the observations of both Bloch et al. (14) and 
Bolling and El Baya (15) were the results of Gurr (38). On label-
14 
ling studies with C-acetate he showed that the newly synthesized 
galactosyl diglycerides contain mainly unsaturated fatty acyl resi­
dues. Subsequent to de novo synthesis a series of alterations of 
fatty acid structure can take place within the same molecule. 
Extracts of the green alga Euglena gracilis specifically cata­
lyse the incorporation of acyl groups from acyl carrier protein 
(ЛСР) thiolesters into monogalactosyl diglycerides (82). This 
reaction is stimulated by α-glycerophosphate. CoA thiolesters are 
also transferred into monogalactosyl diglycerides, but these thiol­
esters are incorporated into phospholipids too. In 1970 Douce et 
1 4 
al. (27) observed incorporation of C-glycerophosphate into phos-
phatidate in a reaction catalyzed by chloroplasts from spinach and 
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Zea mays and from etioplasts from Zea mays. The reaction required 
the addition of fatty acids, CoASH and ATP. If UDP-galactose was 
also included in the reaction mixture, label was found in the mono-
galactosyl diglyceride fraction, but not in the digalactosyl di-
glycerides. They concluded therefore that the galactosylation of 
diglyceride is spatially separated from that of monogalactosyl 
diglyceride in accordance with earlier observations of Ongun and 
Mudd (75). 
The galactolipid synthesizing system in photoautotrophic Eugle­
na gracilis chloroplasts differs from that in spinach chloroplasts 
(58, 61). In an 1 hour incubation of Euglena graailis chloroplasts 
14 
with UDP- C-galactose 70% of the total amount of incorporated 
galactose was transferred within 2 min, while in spinach chloro­
plasts only 15% was transferred within the same time. The molar 
ratio of mono- to digalactosyl diglyceride was 1:2 and 3:1 in 
Euglena and spinach chloroplasts respectively. With the Euglena 
2+ 
enzyme the same effect of Hg and mercaptoethanol was observed. 
After centrifugation at 35,000 χ g of an ultrasonicated suspen­
sion of Euglena cells and incubation of the pellet and superna­
tant fractions with UDP-galactose, the ratio of mono- to digalac­
tosyl diglyceride was 0.79 and 1.82 respectively. This indicated 
that the digalactosyl diglyceride synthesizing enzyme was more 
tightly membrane bound than that involved in monogalactosyl di­
glyceride synthesis in contrast with the results obtained with 
spinach chloroplasts (75). 
An acetone powder prepared from Euglena chloroplasts did not 
exhibit galactosyltransferase activity when incubated with UDP-
galactose and monogalactosyl diglyceride (58). A direct galacto­
sylation of mono- to digalactosyl diglyceride seemed therefore im­
possible. An alternative way of synthesizing digalactosyl diglyce­
ride would involve the transfer of two galactosyl moieties from 
UDP-galactose to an endogenous lipophilic acceptor, which, in turn 
would transfer the digalactosyl unit to diglyceride: 
2 UDP-galactose + acceptor -*• gal-gal-acceptor + 2 UDP 
33 
gal-gal-acceptor + diglyceride -*• digalactosyl diglyceride + accep­
tor 
It was suggested by Lin and Chang that phosphatidic acid, which 
was found by Renkonen and Bloch (82) to be an intermediate in 
monogalactosyl diglyceride synthesis, could play the role of endo­
genous acceptor of the two galactosyl units in analogy with simi­
lar lipophilic intermediates found in the biosynthesis of bacterial 
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At present all data which have been obtained so far on the bio­
synthesis of galactolipids are compatible with a pathway for ga-
lactolipid formation that involves transfer of saturated (38) fatty 
acyl groups from ACP or CoA thiolesters to α-glycerophosphate (6) 
(8, 27, 82) with formation of phosphatidic acids (7) (Scheme 6). 
After dephosphorylation of the products to 1,2-diglycerides (fl), 
these compounds can either react with a galactosyl moiety from 
UDP-galactose to give monogalactosyl diglyceride (J) or with a di-
galactosyl unit from an endogenous lipophilic acceptor to give di-
galactosyl diglyceride (2) (58). Finally the saturated fatty acyl 
residues in the mono- and digalactosyl diglycerides formed by this 
route can be desaturated. 
1.5 Enzymatic hydrolysis 
It was found by Kates (49) and Ferrari and Benson (30) that 
galactolipids have a high turnover rate. The enzymes necessary for 
the break down of galactolipids were shown to be present in plant 
tissues by various authors (32, ЗА, 36, 46, 47, 62, 89, 90). In 
leaves of the runner bean (Phaseolus multiflorus) galactolipase 
activity was observed by Sastry and Kates (89, 90). Galactolipase 
activity was associated with the chloroplasts, but was also shown 
to be present in a soluble form in the cytoplasm. The pH optima 
for the mono- and digalactosyl diglyceride hydrolyzing enzyme were 
found to be 7.5 and 5.9 respectively. The chloroplast associated 
activity for digalactosyl diglyceride decreased after storage of 
the enzyme preparation at 4 for a few days. However, the activity 
for monogalactosyl diglyceride did not decrease. The soluble ga­
lactolipase exhibited hydrolyzing activity only for digalactosyl 
diglyceride. On the basis of these data they concluded that the 
two galactolipids were hydrolyzed by two distinct enzymes: 
monogalactosyl diglyceride •*• (monogalactosyl monoglyceride) + free 
fatty acid -»• monogalactosyl glycerol + free fatty acid 
digalactosyl diglyceride -*• (digalactosyl monoglyceride) + free 
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fatty acid -»• digalactosyl glycerol + free fatty acid 
Further hydrolysis of the galactosyl glycerols is catalyzed by a-
and ß-galactosidases as follows: 




—2 ^glycerol + galactose 
In the above scheme mono- and digalactosyl monoglyceride are 
formed as intermediate products. However, the authors could not 
detect these intermediates in their preparations. Sastry and 
Kates also found low galactolipase activities in spinach leaves, 
namely 1% for the monogalactosyl diglyceride hydrolyzing enzyme 
and 3% for the digalactosyl diglyceride hydrolyzing enzyme after 
30 min incubation at 30 . Galactolipase activity for monogalacto-
syl diglyceride in preparations from young spinach leaves was 
found by Helmsing (46) to be of the same order of magnitude. How-
ever, the activity for digalactosyl diglyceride was much higher. 
He also found a decrease in activity for digalactosyl diglyceride 
after a few days in storage at 4 but the activity for monogalac-
tosyl diglyceride reached a maximum after 10-11 days. Later, Helm-
sing purified the mono- and digalactolipase activity from the 
cytoplasmic fraction of runner bean leaves remaining after centri-
fugation at 105,000 χ g (47). At each step of the purification 
procedure the relative specific activities towards both substrates 
increased by the same factor. Electrophoresis of the purified pre­
paration at two different pH's and on a 5M urea gel resulted in a 
single band. His conclusion was therefore, that the two hydrolase 
activities were combined within one molecule. The pH optima for 
mono- and digalactolipase activity were found to be 7.0 and 5.6 
respectively. He assumed, therefore, that the enzyme would undergo 
a reversible aliosteric transformation under the influence of the 
pH. Both enzyme activities were completely inhibited by cysteine 
but activated by strong reductants like sodium dithionite (Na-S.O.) 
and sodium meta-bisulfite (Na.S 0^). This activation could be due 
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to reduction of quiñones that are formed during oxidation of 
phenolic compounds which can be responsible for enzyme inhibition 
(4, 59). The molecular weight of the galactolipase was calculated 
to be ПО,000. 
In the particle-free supernatant fraction from potato tubers, 
Galliard (34) observed phospholipid- and galactolipid-acyl hydro­
lase activity, which was associated with acyl transferase activity. 
Monogalactosyl diglyceride was particularly susceptible to hydro­
lysis and monogalactosyl monoglyceride was detected as an inter­
mediate product. After partial purification (35) he observed that 
the acylhydrolase activities for phospholipids, galactolipids and 
mono- and diglycerides showed many similarities with respect to 
subcellular localization, molecular size and charge and their be­
haviour with substrates, inhibitors and detergents. 
1.6 Function 
Since galactolipids are the major lipids in chloroplasts, it is 
evident that they play an important role in the structure of thy-
lakoids (85, 96). Apart from this they have been assigned several 
other functions including that of being an intermediate in fatty 
acid synthesis and functioning in the electron transport system 
of chloroplasts. In this chapter these and other functions will be 
discussed in some detail. 
1.6.1 Galactolipids in chloroplast membrane structure 
Chloroplast membranes are composed of 45% protein and 55% lipo­
philic material, 80% of which is galactolipid (74, 101). In the 
model of Weier and Benson thylakoid membranes consist of lipopro­
tein subunits, consisting of a protein core surrounded by com­
pounds determined by the nature and environment of the membrane 
(101). A similar model was proposed by Branton and Park (18). 
Since the stroma and the loculi of chloroplasts contain aqeous 
materials, it was proposed by Weier and Benson (101) that the mem­
branes bordering these spaces bind the surface active galacto-
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lipids. Their polar moieties protrude from the surface into the 
aqeous phase and the highly unsaturated fatty acyl residues occur-
ring in the galactolipids are associated with the hydrophobic 
regions of the lipoprotein units. The firmness of binding of di-
galactosyl diglyceride into the thylakoid membranes seems to be 
greater than that of monogalactosyl diglyceride. After centrifu-
gation of suspensions of thylakoids and grana stacks in buffers 
of different pH values the monogalactosyl diglyceride/digalacto-
syl diglyceride ratio in the supernatant was found to increase 
with decreasing proton concentration (41). This result was con-
firmed by a study of Costes et al. (26) on differential extraction 
of lipids from lyophilized chloroplasts. Rosenberg (83) suggested 
that the hydrophobic regions of the polyunsaturated fatty acyl 
residues with 3 cis double bonds form a key which fits into the 
lock provided by the 3 methyl side-groups of the phytyl group of 
chlorophyll. This hydrophobic association would keep the chloro-
phyll molecules in the proper orientation required for an effi-
cient photoreceptive surface (48). 
When cells of Euglena gracilis are kept in the dark for as 
long as 100 hrs, the amount of galactosyl diglyceride diminishes 
untili the chlorophyll/galactosyl diglyceride ratio is 1:2. 
Thereafter, the organisms begin to disintegrate because chloro-
phyll and galactosyl diglyceride disappear simultaneously (83). 
1.6.2 Galactolipids and the synthesis of fatty acids 
Much attention has focused on the fatty acid composition of 
galactosyl diglycerides during greening of chloroplasts. The fatty 
acid composition is strongly dependent on light and on non-lipi-
dic exogenous metabolites (84). When Chlorella vulgaris cells are 
14 grown in the dark, fatty acid synthesis from (2- C)-acetate is 
almost entirely limited to the production of saturated and mono-
enoic acids. In light-incubated cells both saturated and unsatu-
rated fatty acids are synthesized. In Chlorella vulgaris Nichols 
et al. (72) found that monogalactosyl diglyceride belongs to a 
group of lipids with very high fatty acid turnover rate, while di-
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galactosyl diglyceride belongs to a group with slow turnover rate 
for fatty acids. They suggested, therefore, that the group of lipids 
with rapid fatty acid tunover rate could be involved in sequen­
ces of saturated and unsaturated fatty acid synthesis, and thus 
could have an intermediate function in fatty acid biosynthesis 
(69). 
After incorporation of С and (]- C)-acetate into phospho-
and glycolipids of pumpkin leaves the highest specific activity 
is found in phosphatidyl choline. This activity rapidly decreased 
which indicates a high turnover of fatty acids. The turnover rate 
of mono- and digalactosyl diglycerides is much slower. It is there­
fore suggested that arlinolenic acid is transferred from phospha­
tidyl choline to the galactosyl diglycerides. This transfer can be 
catalyzed by acyl transferases (86). 
In the blue-green alga АпаЪаепа vañabi.lis, however, monogalac-
tosyl diglyceride seems to act as an intermediate in linoleate 
biosynthesis (6). Incubation of dark grown Euglena gracrilis cells 
14 
with sodium-octanoate-1- С in the dark for 6 hrs resulted in a 
specific incorporation of radioactivity into neutral lipids. After 
illumination radioactivity in phospholipids increased during 24 hrs 
and thereafter decreased, while radioactivity in sulpholipid, 
phosphatidyl glycerol and the galactolipids steadily increased 
(78). Here too, there seems to be a transfer of fatty acids from 
neutral lipids via phospholipids to the galactolipids. In contrast 
with the evidence for transfer of fatty acids to galactolipids is 
the finding of Gurr (38). He showed that newly synthesized galac­
tosyl diglycerides have mainly saturated fatty acids, which can be 
desaturated subsequently without transacylation being involved. 
1.6.3 Galactolipids and electron transport 
As a consequence of the unusual high amount of polyunsaturated 
fatty acyl residues in mono- and digalactosyl diglycerides and 
their location in the chloroplast, it has been thought that they 
have a function in the photosynthetic process which leads to the 
evolution of oxygen. It is proposed that galactolipids form rela-
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tively non-specific micellar components which constitute an orga-
nized medium of low dielectric constant. In this medium the trans-
port chains that are inhibited by water can function properly (14, 
25, 48). 
In 1965 Chang and Lundin (24) found that in chloroplasts the 
photoreduction of cytochrome-c was increased by the addition of 
mono- and digalactosyl diglyceride, as well as by a number of re-
dox compounds such as flavine mononucleotide, coenzyme Q, and a-
b 
tocopherol. Their conclusion was that galactolipids can take part 
in the light reaction in which the short wavelength system is in-
volved. Udel'nova and Boichenko (98) isolated a complex containing 
12% Mn, digalactosyl diglyceride and flavine from plant differing 
in their mode of metabolism. The complex had a high oxidation-re-
duction potential, so it was proposed that the complex could par-
ticipate as an oxidizer in photosynthetic oxygen evolution. How-
ever, Wessels (103) has been able to isolate a particulate fraction 
from digitonin-treated chloroplasts which contained 75% protein 
and 25% lipid. The lipid portion was found to contain 8.4% non-
pigment lipids. The fraction was able to reduce NADP in the light, 
suggesting that this fraction represented a purified photosystem 
I preparation. The percentage of non-pigment lipids is signifi-
cantly higher in whole chloroplasts and quantosome preparations 
(57). Because detergents, like digitonin, can apparently substitute 
for lipids in providing the photochemical apparatus with the appro-
priate medium and structure, such results do not support an active 
role for the galactolipids in photosynthesis. 
1.6.4 Other functions 
Two other functions have been proposed for galactolipids. First 
a function as carbohydrate reservoir was proposed by the group of 
Benson (11) because of labelling studies with C09 which showed 
a rapid turnover of the sugar moiety. This energy storage function 
has also been proposed by the group of Nichols (72). Later, Ben-
son's group proposed that galactolipids have a function in sugar 
transport through membranes (9, 30). This proposal was also based 
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on an observed rapid turnover of the galactose residues. However, 
Roughan (86) was unable to detect significant turnover of galac­
tose residues in galactolipids of spinach and pumpkin leaves. 
In pine needles galactosyl diglycerides seem to be able to pro­
tect the thylakoids against frost injury (13). On transfer of the 
trees from -5 to 32 conversion of digalactosyl diglyceride to 
monogalactosyl diglyceride was observed. This fraction contained 
very long-chain fatty acids (C , ). It was proposed that the very 
long-chain fatty acids may link different sub-units of the chloro-
plast and may contribute to an additional layer of Η-bonded water 




1. ALLEN, CF., P.GOOD, H.F.DAVIS, P.CHISUM, and S.D.FOWLER J.Am. 
Oil Chem.Soc. 43, 223(1966). 
2. ALLEN, CF., P.GOOD, H.F.DAVIS, and S.D.FOWLER Biochem.Biophys. 
Res.Coram. J_5, 424(1964). 
3. ANDERSON, J.S., M.MATSUHASKI, M.A.HASKIN, and J.L.STROMINGER 
Proc.Nat.Acad.Sci.(USA) 53, 881(1965). 
4. ANDERSON, J.W., and K.S.ROWAN Phytochem. 6_, 1047(1967). 
5. APPELQVIST, L.-A., J.E.B0YNT0N, P.K.STUMPF, and D.VON WETTSTEIN 
J.Lipid Res. £, 425(1968). 
6. APPLEBY, R.S., R.SAFFORD, and B.W.NICHOLS Biochim.Biophys.Acta 
248, 205(1971). 
7. BAILEY, J.L., and A.G.WHYBORN Biochim.Biophys.Acta 78, 163 
(1963). 
8. BAJWA, S.S., and P.S.SASTRY Biochem.J. j_28. 44P(1972). 
9. BENSON, A.A. Adv.Lipid Res. J_, 387(1963). 
10. BENSON, A.A., H.DANIEL, and R.WISER Proc.Nat.Acad.Sci.(USA) 45, 
1582(1959). 
11. BENSON, A.A., J.F.G.M.WINTERMANS, and R.WISER Plant Physiol. 
34, 315(1959). 
12. BENSON, A.A., R.WISER, R.A.FERRARI, and J.A.MILLER J.Am.Chem. 
Soc. 80, 4740(1958). 
13. BERVAES, J.C.A.M., P.J.C.KUIPER, and A.KYLIN Physiol.Plant. 27^ 
231(1972). 
14. BLOCH, К., G.CONSTANTOPOÜLOS, C.KENYON, and J.NAGAI In: T.W. 
GOODWIN, Biochemistry of Chloroplasts, Vol.11, p.197. London: 
Academic Press. 1966. 
15. BOLLINO, H., and A.W.El BAYA Chem.Phys .Lipids 8^ , 102(1972). 
16. BOOS, W., J.LEHMANN, and K.WALLENFELS Carbohydrate Res. J_, 419 
(1966). 
17. BRUNDISH, D.E., and J.BADDILEY Carbohydrate Res. B, 308(1968). 
18. BRANTON, D., and R.B.PARK J.Ultrastructure Res. J_9, 283 (1967). 
19. CARTER, H.E., R.A.HENDRY, and N.Z.STANACEV J.Lipid Res. 2, 223 
(1961). 
42 
20. CARTER. H.E., R.H.MCCLURER, and E.D.SLIFER J.Am.Chem.Soc. 78, 
37350956). 
21. CARTER, H.E., K.0HN0, S.NOJIMA, C.L.TIPTON, and N.Z.STANACEV 
J.Lipid Res. 2, 215(1961). 
22. CHANG, S.B. Phytochem. £, 1947(1970). 
23. CHANG, S.B., and N.D.KULKARNI Phytochem. £ 927(1970). 
2Д. CHANG, S.B., and K.LUNDIN Biochem.Biophys .Res.Coram. 2j_> ^2^ 
(1965). 
25. C0NSTANT0P0UL0S, G., and K.BLOCH J.Biol.Chem. 242, 3538(1967). 
26. COSTES, С , R.BAZIER, and D .LECHEV ALLIER Physiol.Vég. J_0, 291 
(1972). 
27. DOUCE, R., and T.GUILLOT-SALOMON FEBS П_, 121(1970). 
28. ECCLESHALL, T.R., and J.C.HAWKE Phytochem. J_0, 3035(1971). 
29. ECHLIN, P., and I.MORRIS Biol.Rev. 40, 143(1965). 
30. FERRARI, R.A., and A.A.BENSON Arch.Biochem.Biophys. £3, 185 
(1961). 
31. GALLIARD, T. Phytochem. ]_, 1907(1968). 
32. GALLIARD, T. Phytochem. _7, 1915(1968). 
33. GALLIARD, T. Biochem.J. J_I_5, 335(1969). 
34. GALLIARD, T. Phytochem. £, 1725(1970). 
35. GALLIARD, T. Biochem.J. j_2i> 379(1971). 
36. GALLIARD, T. 15th Int.Conf.Biochem.Lipids:Enzymes in Lipid 
Biochemistry, p.62. 1972. 
37. GARDNER, H.W. J.Lipid Res. 9_, 139(1968). 
38. GURR, M.I. Lipids 6, 266(1971). 
39. GURR, M.I., P.P.M.BONSEN, J.A.F.0P DEN KAMP, and L.L.M.VAN 
DEENEN Biochem.J. J_08, 211(1968). 
40. DE HAAS, G.H., and L.L.M.VAN DEENEN Biochim.Biophys.Acta 106, 
315(1965). 
41. HEISE, К.-P. Thesis. Göttingen. 1972. 
42. HEINZ, E. Biochim.Biophys.Acta J_44, 321(1967). 
43. HEINZ, E. Biochim.Biophys.Acta 231, 537(1971). 
44. HEINZ, E. Z.Pflanzenphysiol. 69, 359(1973). 
45. HELMSING, P.J. J.Chromatogr. 28, 131(1967). 
46. HELMSING, P.J. Biochim.Biophys.Acta 244-, 470(1967). 
43 
47. HELMSING, P.J. Biochim.Biophys .Acta _1_78, 519(1969). 
48. JAMES, A.T., and B.W.NICHOLS Nature Ж ) , 372(1966). 
49. KALRA, S.К., and J.L.BROOKS Phytochem. 12_, 487(1973). 
50. KATES, M. Biochim.Biophys.Acta 4J_, 3J5(1960). 
51. KATES, M., and В.E.VOLCAKI Biochim,Biophys.Acta П_6, 264(1965). 
52. KLENK, E., W.KNIPPRATH, В.EBERHAGEN, and H.P.KOOF Hoppe-
Seyler's Ζ.Physiol.Chem. 214, 44(1963). 
53. KOENIG, F. Z.Naturforsch. 26, 1180(1971). 
54. LEPAGE, M. J.Lipid Res. 5_, 587(1964). 
55. LEPAGE, M. Lipids 2, 244(1967). 
56. LEPAGE, M. Lipids 3_i 477(1968). 
57. LICHTENTHALER, H.K. , and R.B.PARK Nature J_98, 1070(1963). 
58. LIN, M.F., and S.B.CHANG Phytochem. j_0, 1543(1971). 
59. LOOMIS, W.D., and J.BATTAILE Phytochem. 5_, 423(1966). 
60. MACKENDER, R.O., and R.M.LEECH Proc.II Intern.Congr.Photosynth. 
Res. Vol. 2, p.1431. Stresa. 1971. 
61. MATSON, R.S., M.FEI, and S.B.CHANG Plant Physiol. 45, 531(1970). 
62. McCARTY, R.E., and A.T.JAGENDORF Plant Physiol. 40, 725(1965). 
63. MUDD, J.В., T.T.McMANUS, A.ONGUN, and T.E.McCULLOGH Plant 
Physiol. 48, 335(1971). 
64. MUDD, J.В., H.H.D.M.VAN VLIET, and L.L.M.VAN DEENEN J.Lipid 
Res. j_0, 623(1969). 
65. MYRHE, D.V. Can.J.Chem. 46, 3071(1968). 
66. NEUFELD, E.F., and C.W.HALL Biochem.Biophys .Res .Comm. _1_4, 503 
(1964). 
67. NICHOLS, B.W. In: A.T.JAMES and L.J.MORRIS, New Biochemical 
Separations, p.321. London:Van Nostrand. 1964. 
68. NICHOLS, B.W. Biochim.Biophys.Acta _106, 274(1965). 
69. NICHOLS, B.W. Lipids 3, 354(1968). 
70. NICHOLS, B.W., R.V.HARRIS, and A.T.JAMES Biochem.Biophys.Res. 
Comm. 20. 256(1965). 
71. NICHOLS, B.W., and A.T.JAMES Fette, Seifen, Anstrichmittel 6j>, 
1003(1964). 
72. NICHOLS, B.W., A.T.JAMES, and J.BREUER Biochem.J. H54.> 486(1967). 
73. NICHOLS, B.W., J.M.STUBBS, and A.T.JAMES In: T.W.GOODWIN, Bio-
44 
chemistry of Chloroplasts. Vol.11, p.677. London: Academic 
Press. J967. 
74. O'BRIEN, J.S. J.Theoret.Biol. j_5, 307(J967). 
75. ONGUN, Α., and J.B.MUDD J.Biol.Chem. 243, 1558(1968). 
76. ONGUN, Α., W.W.THOMSON, and J.B.MUDD J.Lipid Res. £, 409 
(1968). 
77. PATTON, S., G.FULLER, A.R.LOEBLICH, and A.A.BENSON Biochim. 
Biophys.Acta 116, 577(1966). 
78. POHL, P. 15th Int.Conf.Biochem.Lipids : Enzymes in Lipid Bio­
chemistry. p.96. 1972. 
79. POHL, P., H.GLASL, and H.WAGNER J.Chromatogr. 49, 488(1970). 
80. POINCELOT, P.R. Biochim.Biophys.Acta 239, 57(1971). 
81. RADUNZ, A. 15th Int.Conf.Biochem.Lipids : Enzymes in Lipid Bio­
chemistry. p.98. 1972. 
82. RENKONEN, 0., and K.BLOCH J.Biol.Chem. 244, 4899(1969). 
83. ROSENBERG, A. Science j_57, 1191(1967). 
84. ROSENBERG, Α., and J.GOUAX J.Lipid Res. T_, 733(1966). 
85. ROSENBERG, A. J.Lipid Res. 8, 80(1967). 
86. ROUGHAN, P.G. Biochem.J. JJ2. 1(1970). 
87. SAFFORD, R., and B.W.NICHOLS Biochim.Biophys.Acta 210, 57 
(1970). 
88. SASTRY, P.S., and M.KATES Biochem. 2> 1271(1964). 
89. SASTRY, P.S., and M.KATES Biochem. 3, 1280(1964). 
90. SASTRY, P.S., and M.KATES In: S.P.COLOWICK and N.O.KAPLAN, 
Methods in Enzymology. Vol.XIV. p.204. London: Academic Press. 
1969. 
91. SHIBUYA, I., and B.MARUO Nature 207, 1096(1965). 
92. SHVETS, V.l., A.I.BAHKATOVA, and R.P.EVSTIGNEEVA Chem. Phys. 
Lipids Π), 267(1973). 
93. SINGH, H., and 0.S.PRIVETT Biochim.Biophys.Acta 2£2, 200(1970). 
94. SMITH, CR., and J.A.WOLFF Lipids J_, 123(1966). 
95. STEIM, J.M. Biochim.Biophys.Acta 144, 118(1967). 
96. TEVINI, M. Z.Pflanzenphysiol. 65, 266(1971). 
97. THOMPSON, A.C., R.D.HENSON, J.P.MINYARD, and P.A.HEDRIN Lipids 
3, 373(1968). 
45 
98. UDEL'NOVA, T.M., and E.A.BOICHENKO Biokhimiya 32, 644(J967). 
98a. VEERKAMP, J.H. Biochim.Biophys.Acta 273, 359(1972). 
99. VERHEY, H.M., P.F.SMITH, P.P.M.BONSEN, and L.L.M.VAN DEENEN 
Biochim.Biophys.Acta 2Ί8, 97(J970). 
J00. WEBSTER, D.E., and S.B.CHANG Plant Physiol. ¿4, 1523(1969). 
ЛОІ. WEIER, T.S., and A.A.BENSON Amer.J.Bot. 54, 389(J967). 
Д02. WEHRLI, H.P., and Y.POMERANZ Chem.Phys.Lipids 3, 357(1969). 
103. WESSELS, J.S.C. Biochim.Biophys.Acta 153, 497(1968). 
104. WHEELDON, L.W. J.Lipid Res. ]_, 439(1960). 
105. WICKBERG, В. Acta Chem.Scand. 1_2, 1183(1958). 
106. WICKBERG, В. Acta Chem.Scand. _1_2, 1187(1958). 
107. WINTERMANS, J.F.G.M. Biochim.Biophys.Acta 44, 49(1960). 
108. WINTERMANS, J.F.G.M. Biochim.Biophys.Acta 248, 530(1971). 
109. WRIGHT, Α., M.DANKERT, and P.W.ROBBINS Proc.Nat.Acad.Sci. 




Z.Pflanzenphysiol. 7J , 228(1974). 
Department oi Botany, University of Nijmegen, The Netherlands 
II Some observations on biosynthesis and ratio regulation of 
mono- and digalactosyl diglycerides by chloroplasts and 
other subcellular fractions from spinajch leaves 
HANS C. VAN HUMMEL 
With 4 figures 
Received July 23, 1973 
II. 1 Summary 
Evidence is presented that biosynthesis of galactolipids is influenced by enzymes involved 
in galactose metabolism. A soluble, heat labile inhibitor of protein nature is present in the 
100,000 X g supernatant remaining after centrifugation of a homogenate of spinach leaves. 
The ratio of monogalactosyl diglyceride to digalactosyl diglyceride in spinach chloroplasts is 
affected by freezing and thawing and by Triton X-100. Freezing and thawing of osmotically 
shocked chloroplasts increases monogalactosyl diglyceride formation, while addition of Triton 
X-100 results in a relative increase in digalactosyl diglyceride formation. 
The possibility of transfer of galactolipids between subcellular particles (mitochondria and 
microsomes) and chloroplasts is discussed. 
II.2 Introduction 
The biosynthesis of galactolipids has been investigated by several authors [1-4] . 
However, factors controling the biosynthesis of the galactolipids are not known. 
It is believed that a precursor-product relationship exists between monogalactosyl 
diglyceride (MG) and digalactosyl diglyceride (DG), although the fatty acid com-
positions of MG and DG are distinct [5]. The mechanism by which the MG/DG 
ratio in chloroplasts is regulated m vivo has not yet been elucidated. Two factors 
influencing this ratio in varo are known [6J. Although galactolipids ol leaves of 
higher piaim arc mainly confined to chloroplasts [7-9], MUDO et al. [6] found 
galactosyltransferase activity in the cytoplasm of spinach leaves. It is not clear 
if there are two or more distinct structural compartments each with its own system 
for galactolipid synthesis. Nor is it clear whether there exists a transfer of galacto-
lipids between cytoplasm and chloroplasts. The purpose of this study was to further 
investigate the control and compartmentation of galactolipid biosynthesis and the 
factors influencing the MG/DG ratio. 
Abbreviations; MG, monogalactosyl diglyceride; DG, digalactosyl diglyceride. 
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II.3 Materials and Methods 
Isolation of subcellular fractions 
50 gr of washed and deveined spinach leaves (Spinacia olerácea L ), were homogenized in an 
Ato-mixer with 100 ml of cold 0 2 M manmtol, 0 01 M sodium pyrophosphate-HCl buffer, 
pH 7 4 or 100 ml of cold 0 2 M manmtol, 0 1 M Tricine-NaOH buffer, pH 7 4 The homo-
genate was filtered through two layers of nylon stocking and subsequently the filtrate was 
centxifuged at 100 X g for 2 mm to remove leaf fragments and cell debris The supernatant 
was centrifuged at 1000 X g for 10 mm , and after washing with buffer the resulting chloro-
plast pellet was resuspended in approximately 5 ml of buffer The 1000 X g supernatant was 
centrifuged at 10,000 X g for 20 mm (Sorvall RC-2B centrifuge) and the pellet was saved 
The 10,000 X g supernatant was centrifuged at 40,000 X g for 30 mm (Sorvall RC-2B cen-
trifuge) and again the pellet was saved Finally, the 40,000 X g supernatant was centrifuged 
at 100,000 X g for 60 mm (Spinco L2-50 centrifuge), the pellet (microsomes) and the super-
natant were collected and saved With the exception of the 1000 X g pellet each pellet was 
finally resuspended in its original volume of buffer by sonication 
Osmotically shocked diloroplasts were obtained by washing the 1000 X g pellet with 0 01 M 
pyrophosphate buffer (pH 7 4) and resuspending it in the same buffer 
Reaction mixtures 
Reaction mixtures contained enzyme preparation (0 02-5 0 mg of protein), 175 or 
350 pmoles of UDP(U-14C)gal (The Radiochemical Centre, spec act 262 mCi/mmole), and 
buffer to make a final volume of 0 8 ml Incubations took place in 10 ml test tubes placed 
in a waterbath at 30° After incubation the reaction mixtures were extracted according to the 
method of BLIGH and DYER [10] An aliquot of the chloroform phase and the methanol-water 
phase was dried in a scintillation vial, BRAY'S scintillation solvent [ Π ] was added, and the 
radioactivity was measured 
Incubation of radioactive galactohpids with 40,000 X g supernatant 
Radioactive galactohpids were synthesized enzymatically by incubating at 30° for 90 mm 
1 2 ml of diloroplasts suspension (28 2 mg of protein) with 2 nmoles of UDP( 1 4C)gal (0 5 μ Ο ) , 
and with buffer to make a final volume of 4 8 ml After incubation the mixture was extracted 
as described Aliquote of 0 5 ml were brought into 10 ml test tubes, taken to dryness under N2, 
and dissolved in 0 1 ml of methanol 0 5 ml of 40,000 X g supernatant and 0 3 ml of buffer 
were added, and the mixtures were subsequently incubated in a waterbath at 30° for varying 
times After incubation the lipids were extracted and the radioactivity was measured 
Separation of lipids 
Distribution of radioactivity in the lipid fraction was determined by thin-layer diromato-
graphy on glass plates, coated with 025 mm Silica Gel H (Merck) and activated at 110° for 
60 mm prior to chromatography Plates were developed in chlorofoim-methanol (10 1, v/v) 
In the reference lane (a lipid extract from diloroplasts) the glycolipids were made visible by 
spraymg with penodate-Schiff color reagent [12] Spots in the sample lanes corresponding 
with the glycolipids in the reference lane were scraped off, and eluted with chloroform-
methanol ( 2 . 1 , v/v) The eluates were dried in scintallation vials. BRAY'S scintillation solvent 
was added, and the radioactivity was measured 
Determination of ß-galactostdase activity 
Д-Galactosidase activity was determined according to a modified procedure of WALLEN-
TELS [13] 10 ml of sample was incubated with 0 05 ml of toluene in a waterbath at 37 J for 
30 mm After incubation 2 0 ml of 2 5 mM o-nitrophenyl-/J D-galactopyranoside (ONPG) 
(Merck) in buffer was added The mixture was then incubated in a waterbath at 37° for 
15 mm The reaction was stopped by addition of 2 5 ml of 0 4 M Na 2 COj The samples con 
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taining diloroplasts were centrifuged at 10,000 X g for 10 min., and the absorbante of the 
supernatant was read at 405 nm in a Zeiss PMQ-II spectrophotometer. 
Chlorophyll and protein determinations 
Chlorophyll was determined in 96 % ethanol according to WINTERMANS and DE MOTS 
[14]; the absorbance of each sample was read on a Spectronic 505 spectrophotometer (BAUSCH 
and LOMB). Protein was determined by the method of LOTFRY et al. [15] using a Zeiss PMQ-II 
spectrophotometer. 
Radiochemical analysts 
Radioactivity was measured either in a Packard Tricarb Scintillation Counter or Philips 
Scintillation Analyzer. Results were corrected for machine efficiency and quendiing. 
II .4 Results 
II.4.1 Incorporation offl4C)galfrom UDP(l*C)gal into chloroplast lipids 
To gain insight into the factors influencing the incorporation of ("C)gal into 
lipids, 3 parameters were varied. Fig. 1 shows the effect of increasing amounts 
of chlorophyll on incorporation of ("Qgal into chloroplast lipids. The MG/DG 
ratio decreases from 2.5 at 0.04 mg of chlorophyll to 1.7 at 0.98 mg of chlorophyll. 
10 
chlorophyll (mg) 
Fig. 1 : Relationship between incorporation of (14C)gal from UDPC'Qgal into chloroplast 
lipids and the amount of added enzyme and endogenous lipid substrate. Intact diloroplasts 
were isolated as described in Materials and Methods. The indicated amounts of enzyme 
preparation were incubated with 346 pmoles of UDP(14C)gal and 0.01 M sodium-pyro-
phosphate, 0.3 M mannitol buffer (pH 7.4) in a final volume of 1.6 ml. Incubation took place 
in 25 ml Erlenmeyer flasks at 30° for 60 min. 
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The incorporation into chloroplast lipids from UDP(1 4C)gal in relation to the 
amount of radioactive substrate is given in Fig. 2. The incorporation proceeds 
linearly with increasing amounts of UDP(1 4C)gal per incubation mixture. Thin-
layer chromatographic analysis of the products showed that the MG/DG ratio was 
1.8 for all incubation mixtures. 
[ ' [ J gal incorporated { ρ moles 
600 750 
UDP[ 4 ] g a l adtjed(pmoles) 
Fig. 2: Incorporation of (14C)gal from UDP(14C)gal into diloroplast lipids in relation to the 
amount of added radioactive substrate 0 25 ml of chloroplast suspension (0 47 mg of chloro­
phyll) were incubated with the indicated amounts of radioactive substrate and 0 01 M 
sodium-pyrophosphate, 0.3 M mannitol buffer (pH 7 4) to make a final volume of 1 6 ml 
Incubation was at 30° for 60 mm in 25 ml Erlenmeyer flasks 
The relation between the amount of (14C)gal incorporated into chloroplast lipids 
and incubation time is shown in Fig. 3 The MG/DG ratio decreases from 4.1 in 
a 10 mm. incubation to 1.6 in a 90 mm. incubation. After 60 min. incubation the 
curve levels off, probably because the substrate, UDP (uC)gal, becomes limiting, 
when a new amount of UDP(1 4C)gal is added to the incubation mixture after 90 min 
incubation the resulting curve is the same as the one shown in Fig 3. 
When lipids in the incubation mixture are extracted according to the method of 
BLIGH and DYER [10], the radioactivity not incorporated into lipids is found in 
the methanol-water phase. To determine whether the radioactive substrate was still 
intact after 90 mm., the methanol-water phase was brought on a column of Nont 
or an anion exchange resin (Amberlite CG-400, formate form) and washed with 
3 volumes of buffer. Norit absorbed 37 0/o of the radioactivity present in the 
methanol-water phase, while Amberlite absorbed 66 0/o of the radioactivity. This is 
an indication that an important fraction of the original radioactivity is acid bound, 
no longer nucleotide bound. 
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Fig. 3: Relation between incorporation of (14C)gal from UDP("C)gal into diloroplast lipids 
and incubation time. Reaction mixtures were composed of 0.20 ml of diloroplast suspension 
(0.42 mg of chlorophyll), 346 pmoles of UDP("C)gal and 0.01 M sodium-pyrophosphate, 
0.3 M mannitol buffer (pH 7.4) in a final volume of 0.8 ml. Incubation was at 30° for the 
times indicated. 
II.4.2 Effect ofNADH, pyrophosphate and bovine serum albumin on the incorporation 
of(l*Qgal in chloroplast lipids 
Because 37 0/o of ihe radioactivity was not incorporated into galactolipids after 
90 min. incubation, but rather, was still nucleotide bound, it was thought that a 
reaction could have taken place at the galactose moiety. Addition of NADH (which 
inhibits the enzyme UDP-galactose-4-epimerase [16-19]) to an incubation mixture 
containing osmotically shocked diloroplasts and UDP(14C)gal stimulated incorpora-
tion of radioactivity into the galactolipids slightly up to 15 %> (7 pmoles more) 
greater than the control at an optimum concentration of 0.2 mM NADH. 
In pyrophosphate-mannitoL buffer the diloroplasts remain in good morphological 
and physiological condition. However, pyrophosphate inhibits the incorporation of 
(14C)gal into diloroplast lipids (Table 1). This result will be· discussed later. 
It was found by HELMSING and BARENDSE [20] that the addition of 10/o bovine 
serum albumin to the isolation and incubation buffer increased the incorporation 
of (14C)gal, presumably as a consequence of adsorption of phenolic compounds 
liberated by homogenisation of the leaves. However, this result could not be 
reproduced in the present study. 
53 
Table 1: Inhibition of galactolipid synthesis by PPj. Chloroplasts and microsomes were isolated 
and incubated in 0.1 M Tricine, 0.2 M mannitol, 5 mM MgCl2 buffer (pH 7.4). The incubation 
mixtures contained 352 pmoles of UDP(14C)gal and 4.63 mg of chloroplast protein or 0.58 mg 
of microsomal protein in a total of 0.8 ml of buffer. To study the inhibition by PP,, 8 umoles 
















II.4.3 Effect of 100,000 X g supernatant on the incorporation of(l*C)gal into chloro-
plasts and microsomes 
Because of the possibility of an endogenous inhibitor of the galactolipid synthesis 
system, the effect of the supernatant fraction remaining after centrifugation at 
100,000 X g for 60 min. was investigated. Table 2 shows that the 100,000 X g super-
Table 2: Effect of 100,000 X g supernatant fraction on the incorporation of ("C)gal into 
chloroplast and microsomal lipids. After centrifugation chloroplast and microsomal pellets were 
suspended in the indicated suspension media. Incubation mixtures contained 352 pmoles of 
UDP(uC)gal, 4.63 mg of chloroplast protein or 0.58 mg of microsomal protein in a total of 
0.8 ml of 0.1 M Tricine, 0.2 M mannitol, 5 mM MgCl2 buffer (pH 7.4). Incubation was at 30° 
for 30 min. 
suspension medium 
buffer 
100,000 X g S 
100,000 X g S 
ultrafiltrated 
100,000 X g S 
55°, 5 min. 
100,000 X g S 


































natant has a strong inhibiting effect on the incorporation of radioactivity into 
lipids of chloroplasts and microsomes. This inhibition is not altered by filtration 
of the 100,000 X g supernatant through a millipore filter ( 0 0.4 micron). Heating 
the 100,000 X g supernatant at 55° for 5 min. decreases the inhibition in both chloro-
plasts and microsomes. Heating the supernatant at 80° for 5 min. does not improve 
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the incorporation into the lipids of chloroplasts as compared to heating at 55°, 
but almost completely abolishes the inhibition of incorporation into microsomal 
lipids. 
II.4.4 ß-Galactosidase and galactolipase activity in chloroplasts and 40,000 X g super-
natant 
The 40,000 X g supernatant fraction also inhibits the incorporation of (14C)gal 
into diloroplast lipids. In order to establish if /7-galactosidase and/or galactolipase 
could be responsible for this inhibition the following experiments were carried out. 
The /i-galactosidase activity in the 40,000 X g supernatant fraction, as measured by 
the breakdown of O N P G , is 12 times higher than in the chloroplasts (Table 3). 
Table 3: jff-Galactosidase activity in chloroplasts and 40,000 X g supernatant fraction. Chloro-
plasts and 40,000 X g supernatant fraction were obtained as described in Materials and 
Methods. Reaction mixtures and incubation was as described in Materials and Methods. 
Protein concentrations: diloroplast suspension 29.3mg/ml; 40,000 X g supernatant 4.3 mg/ml. 
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Fig. 4: Breakdown of radioactive galactolipids by 40,000 X g supernatant fraction. Reaction 
conditions and reaction mixtures were as described in Materials and Methods. 
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Fig. 4 shows the breakdown of radioactive galactolipids extracted from chloroplasts 
under the influence of the 40,000 X g supernatant. After 90 min. incubation 12.7pmoles 
of radioactive galactose (18 "/o of the added radioactivity) became water soluble, 
either as galactose or as galactosyl glycerol. Addition of the galactolipase inhibitor, 
cysteine [21] (1 mM), to incubation mixtures of chloroplasts or to the 40,000 X g 
supernatant containing UDP(14C)gal has no effect on the incorporation of (14C)gal 
into lipids. 
II.4.5 Effect of various treatments of osmotically shocked and intact chloroplasts on 
the incorporation of(lAC)gal 
The relative incorporation of ("Qgal into lipids of osmotically shocked and 
intact chloroplasts after various treatments is given in Tables 4 and 5. Washing 
osmotically shocked chloroplasts had a marked stimulatory effect on the incor-
poration. After washing osmotically shocked chloroplasts twice, the incorporation 
of (l4C)gal is almost doubled. Further washings decrease the incorporation. 
Table 4: Effect of washing on the incorporation of (uC)gal from UDP(,4C)gal into diloroplast 
lipids. Reaction mixtures containing intact or osmotically shocked chloroplasts were composed 
of 69 pmoles of UDP(14C)gal, 277 pmoles of UDPgal and 0.15 mg of diloroplast protein in a 
total of 0.8 ml of 10 mM sodium-pyrophosphate, 0.3 M mannitol buffer (pH 7.4). Incubation 
was at 30° for 1 hr. Values are given relative to the incorporation of unwashed intact chloro-
plasts: 186 pmoles/mg prot. 
incorporation incorporation 
in intact in osmotically 
chloroplasts shocked 
chloroplasts 
washings */» */o 
0 100 86 
1 147 155 
2 130 168 
3 116 106 
Addition of the detergent, Triton X-100, to incubation mixtures containing 
osmotically shocked chloroplasts effected the MG/DG ratio and slightly stimulated 
incorporation of (14C)gal at a concentration of 0.001 0/o. Higher concentrations of 
Triton X-100 inhibited this incorporation, although the MG/DG ratio decreased. 
When chloroplasts were first osmotically shocked and then frozen (-20°) and thawed 
five times, the addition of Triton X-100 had a stimulatory effect in concentrations 
up to 0.005 0/o. Here too, the MG/DG ratio decreased with increasing Triton X-100 
concentrations. The MG/DG ratio of the frozen and thawed osmotically shocked 
chloroplasts is 13.5, while that of the osmotically shocked chloroplasts is 4.1. 
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Table 5: Effects of freezing and thawing and Triton X-100 on the incorporation of (14C)gal 
from UDP(14C)gal and the MG/DG ratio. Fragments of osmotically shocked chloroplasts were 
frozen 5 times at - 20° and thawed in a waterbath at room temperature. Incubation mixtures 
contained 29 pmoles of UDP(,4C)gal, 317 pmoles of UDPgal and 2.82 and 1.84 mg of chloro-
plast protein of fragments and frozen and thawed fragments respectively, in a total of 0.8 ml 
of 10 mM sodium-pyrophosphate, 0.3 M mannitol buffer (pH 7.4). Incubation was at 30° for 
1 hr. Analysis of the radioactive products was as described in Materials and Methods. In-
corporation values are given relative to the incorporation in chloroplast fragments without 






































II.4.6 Differential centrifugat ion of spinach homogenates 
Table 6 shows the results of 3 differential centrifugatiorts with 2 different buffers. 
Pyrophosphate strongly inhibits the incorporation of ("CJgal in all fractions. Also, 
it can be seen that the enzyme activity of the lOOOxg pellet (chloroplasts) is the 
lowest of all particulate fractions. The 40,000 X g pellet fraction has the highest 
enzyme activity, while there is virtually no activity present in the 100,000 X g super-
natant fraction. Although the specific activities of the fractions in Expt 2 of 
Table 6 are lower then those in Expt 3, the ratios of the specific activities of the 
different fractions are comparable in both experiments and are independent of the 
chlorophyll content of these fractions. 
II.5 Discussion 
The incorporation of (14C)gal from UDP(14C)gal into chloroplast lipids appears 
linearly proportional to the UDP(l4C)gal· concentration (Fig. 2). However, the 
MG/DG ratio is independent of the UDP(14C)gal concentration. Incorporation 
reaches a constant level with increasing amounts of enzyme and endogenous sub-
strate contained within the chloroplasts (Fig. 1) and with increasing incubation time 
(Fig. 3). In both cases the MG/DG ratio decreases in accordance with the observa-
tions of ONGUN and MUDD [3], who found that MG can act as a precursor of DG. 
If, after 90 min. incubation a new amount of UDP( ,4C)gal is added to the incubation 
mixture and the same incorporation curve is obtained as shown in Fig. 3, this would 
mean that after 90 min. incubation the radioactive substrate becomes the limiting 
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Table 6: Differential ccntrifugation of spinach leaf homogenates. Supernatant and pellet fractions were obtained as described in Mate­
rials and Methods. Reaction mixtures were composed of 350 pmoles of UDP(14C)gal in a total of 0.8 ml of buffer, with the addition 
of enzyme as follows: 1000 X g Ρ, 0.2 ml; 10,000 У g Ρ, 0.5 ml; 40,000 Χ g Ρ, 0.5 ml; 100,000 Χ g Ρ, 0.5 ml; 100,000 Χ g S, 0.5 ml, 
Incubation was at 30° for 90 min. 
Experiment 
Fraction 
1000 X g Ρ 
10,000 X g Ρ 
40,000 X g Ρ 
100,000 Χ g Ρ 





























































































































') Isolation and incubation buffer: 0.01 M sodium-pyrophosphate, 0.3 M mannitol (pH 7.4). 
2) Isolation and incubation buffer: 0.1 M Tricine, 0.2 M mannitol, 5 mM MgCl, (pH 7.4). 
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factor. However, after 90 min. incubation 37 %> of the radioactivity in the me-
thanol-water phase is absorbed on Norit and 66 0/o is retained on an anion ex-
change resin, indicating that these radioactive fractions are nucleotide bound and 
acid bound, respectively. An explanation may be that a reaction has taken place 
at the galactosyl moiety of the UDP("C)gal, for example under the influence of the 
enzyme UDP-galactose-4-epimerase, which catalyzes the epimerization of galactose 
to glucose. 
NEUFELD and HALL [2] showed that glucose from UDPG was only incorporated 
into diloroplast lipids after epimerization of UDPG to UDPgal. This idea is sup-
ported by the effects of PP, and NADH on the incorporation. Initially, experiments 
were carried out using sodium-pyrophosphate-mannitol buffer for isolation and in-
cubation of diloroplasts. The diloroplasts obtained with this buffer are in a good 
morphological and physiological condition [22], while with the use of Tris-HCl-
NaCl-buffer 75-80 e/o of the diloroplasts had ruptured outer membranes (WINTER-
MANS and SASSEN, unpublished). Pyrophosphate, however, has a strong inhibiting 
effect on the incorporation of (uC)gal from UDP(14C)gal (Tables 1 and 6). The 
enzyme UDP-glucose-pyrophosphorylase catalyzes the reversible pyrophosphorylysis 
of UDPG: 
UDPG + PPj ^ UTP + G-l-P (1) 
It is known that the pyrophosphorylysis of UDPgal and some other UDPglycoses 
can also be catalysed to some extent by this enzyme [23] : 
UDPgal -I- PP¡ ^ UTP + Gal-l-P (2) 
With the addition of PPj the pyrophosphorylysis of UDPgal would be favoured. 
Presumably this effect of the addition of PP, is of minor importance. Another 
possibility may be that as a consequence of favouring the forward reaction in re-
action (1) by the addition of PP, the forward reaction in 
UDPgal ^ UDPG (3) 
which is catalysed by UDP-galactose-4-epimerase, is also favoured. Thus, the sub-
strate for the galactosylation of diglyceride or MG disappears. Noting the formation 
of G-l-P in reaction (1), this hypothesis can account for the radioactivity absorbed 
from the methanol-water phase on an anion exchange resin. An affirmation of the 
involvement of UDP-galactose-4-epimerase is given by the moderate stimulation 
of the incorporation after addition of NADH to the reaction mixture. Several 
investigators have shown that NADH inhibits the epimerization of UDPgal under 
the influence of this enzyme [16-19]. 
Another possibility leading to the leveling-off of the incorporation curve is the 
(enzymatic) breakdown of the galactolipid products. This can be accomplished by 
the action of either /J-galactosidase or galactolipase: HELMSING [21] found that 
1 mM cysteine completely inhibits galactolipase activity. However, addition of 
cysteine to the incubation mixture did not increase the incorporation of (14C)gal. 
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Therefore, this enzyme cannot be responsible for leveling-off of the curve The 
activity of ß-galactosidase in diloroplasts is not high enough to explain the leveling-
off (Table 3) 
In contrast with the results of MUDD et al [6] no galactohpid synthetic activity 
was found in the 100,000 X g supernatant fraction (Table6) Moreover, this fraction 
had an inhibiting effect on the incorporation of ("Qgal into lipids of diloroplasts 
and microsomes (Table 2) This inhibition was heat labile, the inhibitor may be 
a protein The same inhibition was also observed in the 40,000xg supernatant 
fraction /?-Galactosidase and galactohpase could not be responsible for the ob-
served inhibition (Fig 4) After 90 min incubation of a radioactive lipid extract 
from diloroplasts with 40,000 X g supernatant only 180/o of the added radioactivity 
had become water soluble Incubation of the 40,000xg supernatant with UDPgal 
and cysteine did not increase the incorporation Therefore, there is no appreciable 
galactohpase activity in the 40,000 X g supernatant The activity of /i-galactosidase, 
as measured by the breakdown of ONPG, is 12 times higher in the 40,000 X super-
natant than in the diloroplasts (Table 3) This means that during a 90 min incuba-
tion of diloroplasts with UDPgal, at most 1 pmole of galactohpids can be broken 
down by /?-galactosidase This is far less then the observed inhibition of the in-
ccrporation in chi ircplast lipids by the 100,000 X g supernatant fraction 
Washing the 1000 X g pellet with buffer had a favorable effect on the incorporation 
(Table 4) Presumably, this is a consequence of removing the adhering cytoplasm 
Washing the osmotically shocked chloroplast pellet had a larger effect because 
relatively more cytoplasm adheres to these fragments after pelleting 
Table 7 Eftect of ireezing and thawing and Triton X-100 on the incorporation of ("Cjgal 
from UDP(,4C)gal into MG -md DG The table is based on the percentage of total incorpora 
non and the MG/DG ratios giii-n in Table 5 (0/o MG + c/o DG = 0/o total incorporation) 
MG DG Total 
frozen/ frozen/ frozen/ 
Iruon thawed thawed thawed 
X-100 fragments fragments fragments frabments fragments fragments 
°/o J/o 0 η «/ο »/ι, » (I » о 
0 R0 80 20 5 ICC 85 
0 005 65 138 23 12 Si, 150 
The action of Triton X-100 makes MG more readily available than diglycendes 
to the enzyme (Tables 5 and 7) Thi« results in a relative increase in OG formation 
Freezing and thawing of osmotically shocked diloroplasts inhibits the DG synthesis 
to a greater extent, that is, it inhibits the алаіІаЫІііу of the MG subsuatc possibly 
by fragmentation of the membranes and separation of protein-rich and lipid rich 
domains After freezing and thawing, Triton X-100 incieases gah^tolipid synthesis 
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in general. An explantation for this phenomenon could be that small membrane 
fragments, which are relatively rich in enzyme, are solubilized together with lipid 
substrate by Triton at the applied concentration. These explanations indicate that 
both the enzyme and the lipid substrates are structurally bound. Also the decrease 
in MG/DG ratio with the progress of the incubation (Fig. 3) may reflect a preferential 
utilization of the newly formed labeled MG is a lipid substrate, in contrast with 
the abundant old MG, the concentration of which greatly exceeds that of di-
glyceride. This relative decrease in incorporation of label into MG cannot be due to 
exhaustion of diglycerides, since after the addition of fresh U D P ( " C ) g a l the incor­
poration of ( , 4C)gal is resumed at the original rate. This hypothesis could be further 
varified by experiments supplying different amounts of added lipid substrates. 
The galactolipids of leaves of higher plants are mainly located in the chloro-
plasts [ 7 - 9 ] . Therefore it is remarkable that the chloroplasts have a very low specific 
synthesis activity for galactolipids as compared with other subcellular fractions 
(Tabic 6). As compared to chloroplasts the 40,000 X g pellet fraction has a specific 
galactolipid synthetic activity 5 times higher in pyrophosphate buffer and 28-34 
times higher in Tricine buffer. Speculating about the reason for this difference one 
has to consider the experiments of various authors showing transfer of phospholipids 
and free fatty acids between subcellular particles (mitochondria and micro­
somes [ 2 4 - 2 9 ] . This could mean that the galactolipids are synthesized in vivo in 
the fraction sedimenting between 10,000 X g and 40,000 X g, which is usually rich in 
mitochondria and, to a lesser extent, in microsomes. The galactolipids could sub­
sequently be transfered to the chloroplasts. Indications for this transfer have been 
already obtained and form a subject of further study in this laboratory. 
Acknowledgement 
This study has been carried out with financial aid of the Netherlands Foundation of 
Chemical Research (SON). 
References 
1. FERRARI, R. Α., rnd A. A. BENSON: Ardis. Biochem. Biophys. 93, 185-192 (1961). 
2. NEUFELD, E. F., and С. W. HALL: Biodiem. Biophys. Res. Comm. 14, 503-508 (1964). 
3. ONGUN, Α., and J. B. MUDD: J. Biol. Chem. 243, 1558-1566 (1968). 
4. CHANG, S. В., ard N. D. KULKARNI: Phytodiem. 9, 927-934 (1970). 
5. ALLEN, C. F., P. GOOD, H. F. DAVIS and S. D. FOWLER: Biochem. Biophys. Res. Comm. 
/ Í , 424-430 (1964). 
6. MUDD, J. В., H. H. D. M. VAN VLIET and L. L. M. VAN DEENEN: J. Lipid Res. 10, 623-630 
(1969). 
7. WINTERMANS, J. F. G. M.: Biodiim. Biophys. Acta 178, 519-533 (1960). 
8. ALLEN, C. F., P. GOOD, H. F. DAVIS, P. CHISUM and S. D. FOWLER: J. Am. Oil Chem. 
Soc. 43, 223-231 (1966). 
9. ONGUN, Α., W. W. THOMSON and J. B. MUDD: J. Lipid Res. 9, 409-415 (196t 
10. BLIGH, E. G., and W. J. DYER: Can. J. Biochem. Physiol. }7, 911-917 (1959). 
61 
U . BRAY, G.: Anal. Biochem. 1, 279-285 (1960). 
12. B U C H A N A N , J. С , G. Α. DEKKER and A. G. L A N G : J. Chem. Soc. 3162-3167 (1950). 
13. WALLENFELS, К.: In: Methods in Enzymology (COLOWICK, S. P., and N . O. KAPLAN, eds.), 
Vol. 5, pp. 212-219. Academic Press, N e w York (1962). 
14. WINTERMANS, J. F. G. M., and A. DE M O T S : Biodiim. Biophys. Acta 109, 448-453 (1965). 
15. LOWRY, O. H., N . J. ROSEBROUGH, A. L. FARR and R. J. R A N D A L L : J. Biol. Chem. 19}, 
265-275 (1951). 
16. MAXWELL, E. S.: J. Biol. Chem. 229, 139-151 (1957). 
17. MAXWELL, E. S., and H . DE ROBICHON-SZULMAJSTER: J. Biol. Chem. 235, 308-312 (1960). 
18. F A N , D. F., and D. S. F E I N G O L D : Plant Physiol. 44, 599-604 (1969). 
19. P A L , D . K., and A. B H A D U R I : Biochim. Biophys. Acta 250, 588-591 (1971). 
20. HELMSING, P. J., and G. W. M. BARENDSE: Acta Bot. Neerl. 19, 567-571 (1970). 
21 . HELMSING, P. J.: Biochim. Biophys. Acta 178, 519-533 (1969). 
22. JACOBI, G.: Z. Naturforschg. 18 b, 314-323 (1963). 
23. ALBRECHT, G. J., S. T. BASS, L. L. SEIFERT and R. G. H A N S E N : J. Biol. Chem. 241, 
2968-2975 (1966). 
24. M A Z H A K , P., and A. B E N ABDELKADER: Phytodiem. 10, 2879-2890 (1971). 
25. WIRTZ, K. W. Α., Η. Η. KAMP and L. L. M. VAN D E E N E N : Biodiim. Biophys. Acta 274, 
6 0 6 - 6 1 7 ( 1 9 7 2 ) . 
26. LIEPKALNS, V., and J. B E R N S O H N : Biochem. Biophys. Res. Comm. 47, 1067-1073 (1972). 
27. STEWART, P. J., and W. C. M C M U R R A Y : 15th Intern. Conf. Biochem. Lipids, Enzymes in 
Lipid Biochemistry, The Hague (Netherlands), p. 104 (1972). 
28. P O H L , P.: 15th Intern. Conf. Biochem. Lipids, Enzymes in Lipid Biochemistry, The 
Hague (Netherlands), p. 96 (1972). 
29. KAGAWA, Y., L. W. J O H N S O N , and E. RACKER: Biochem. Biophys. Res. Comm. Ю, 245-251 
(1973). 
H. C. VAN H U M M E L , Botanisch Laboratorium der Katholieke Universiteit, Toernooiveld, 
Nijmegen/Niederlande. 
6 2 
Ill Ga la cto lip id synthesis outside and inside the chloroplast 
I I I . I Mater ia ls and methods 
111.1.1 Chloroplast i s o l a t i o n 
Spinach plants (Spinacia olerácea) were grown in a greenhouse 
or obtained from the local market. Washed and deveined leaves 
were homogenized in an Ato-mixer with cold 0.1 M Tricine-NaOH buf-
fer (pH 7.4), 5 mM MgCl. and 0.3 M sucrose. After filtration 
through 4 layers of cheese cloth the homogenate was centrifuged at 
100 χ g for 5 min to sediment leaf fragments and cell debris. The 
supernatant was subsequently centrifuged at 1000 χ g for 10 min, 
and after washing with buffer by resuspension and centrifugation 
at 1000 χ g the resulting chloroplast pellet was resuspended in 
isolation buffer. All operations took place at 4 . 
111.1.2 Isolation and purification of mitochondria 
A spinach leaf homogenate, obtained as described above, was 
filtered through cheese cloth and centrifuged at 1000 χ g for 2 
min. The supernatant was centrifuged at 2700 χ g for 15 min. The 
resulting supernatant was still contaminated with chloroplast 
fragments. The supernatant was subsequently centrifuged at 12,000 
χ g for 15 min (Servali RC2-B, SS-34 rotor). The resulting pellet 
was then resuspended in 0.1 M Tricine-NaOH buffer (pH 7.4), 5 mM 
MgCl and 0.2 M sucrose. 2 χ 3 ml of this suspension were layered 
on top of 2 gradients consisting from top to bottom of 3 ml 0.6 M, 
3 ml 0.9 M, 6 ml 1.2 M, 6 ml 1.45 M and 6 ml 1.8 M sucrose in 
0.1 M Tricine-NaOH buffer (pH 7.4) and 5 mM MgCl (1). The gradients 
were centrifuged at 20,000 χ g for 45 min ( Spinco L2-65, SW 27-2). 
After centrifugation the gradients were tapped by piercing a 
needle through the bottom and collecting fractions of 1.27 ml. An 
aliquot of every fraction was lyophilized, and chlorophyll content 
was measured after extracting the residues with 96% ethanol. Protein 
content was determined as described further on. Another aliquot 
14 
was incubated with UDP- C-gal for 60 min to determine their abili-
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ty to synthesize galactolipids. Finally, the cytochrome-c oxidase 
activity of the fractions was measured, since cytochrome-c oxidase 
is a membrane bound mitochondrial marker enzyme (2, 3, 4). 
111.1.3 Mechanical disruption and fractionation of chloroplasts 
Λ resuspended 1000 χ g pellet obtained as described above was 
slowly forced through a Yeda-press (Rehovoth) under 180 atm N . 
The resulting suspension was fractionated by differential centri-
fugation. First, the chloroplasts which were still intact and the 
chloroplasts which were only slightly damaged were spun down at 
1000 χ g for 10 min (fraction A). This fraction also contained 
much starch. Subsequently, a fraction was obtained from the 1000 
χ g supernatant by centrifugation at 10,000 χ g for 30 min (Sor-
vall RC2-B, SS-34 rotor) (fraction B). The JO,000 χ g supernatant 
was then centrifuged at 45,000 χ g during 60 min (Spinco L.2-65, 
SW 27-2 rotor). The resulting pellet was dark green (fraction C). 
Finally, the 45,000 χ g supernatant was centrifuged at 150,000 χ g 
for 90 min (Spinco L2-65, 50 Ti rotor). A small dark green pellet 
had formed at the bottom of the tube (fraction D). All pellets ob­
tained were resuspended in isolation buffer. Pellets С and D were 
resuspended by gentle sonication for a short time. From whole 
chloroplasts (resuspended 1000 χ g pellet) and from the fractions 
14 
А, В, С and D aliquote were incubated with UDP- C-gal and buffer. 
111.1.4 Fractionation of the 45,000 χ g supernatant 
The 45,000 χ g supernatant fraction (Sup C) was fractionated 
on continuous sucrose gradients. On top of each of the 4 parallel 
gradients (0.6-1.5 M, 12 ml) 5 ml of Sup С were layered. The gra­
dients were centrifuged at 90,000 χ g for 60 min (Spinco L2-65, 
SW 27-2 rotor). After centrifugation 3 bands could be observed. 
At the sample-0.6 M sucrose interphase there appeared a white-
yellow band (fraction 1). From 0.6-1.1 M there arose a broad bright 
green band (fraction 2) and from 1.2-1.3 M a green band (fraction 
3). After removing these fractions succesively from the top of the 
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10,000 χ g for 30 min 
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Sup. D 
О Medium is 0.1 M Tricine-NaOK buffer (pH 7.41, 5 mM MgCl. and 
0.3 M sucrose. 
Preparation of chloroplast fragments after mechanical disruption. 
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bined, diluted with isolation buffer and pelleted at 150,000 χ g 
(Spinco L2-65, 50 Ti rotor). On décantation of the supernatant of 
fraction 1, the upper part of the pellet loosened itself sponta-
neously. This part, being light-yellow, was treated separately 
(fraction IB). The rest of the small pellet, which was dark green, 
was designated fraction ]A. The pellets were resuspended in buffer 
by low intensity sonication for a short time. Aliquots of Sup С 
and of the gradient fractions were thereafter incubated with UDP-
14 
C-gal for 90 m m . 
III. 1.5 Osmotic shock treatment of chloroplasts 
A twice washed 1000 χ g pellet was resuspended in 0.1 M citric 
acid-NaOH buffer (pH 5.5). Aliquots of 5 ml of the resulting sus­
pension were then layered on top of discontinuous sucrose gradients 
consisting of 3 ml 1.5 M, 3 ml 1.2 M, 3 ml 0.93 M and 3 ml 0.6 M 
sucrose in 0.1 M Tricine-NaOH buffer (pH 7.4) (5). The gradients 
were then centrifuged at 50,000 χ g for 60 min (Spinco L2-65, 
SW 27-1 rotor). After centrifugation bands were observed at all 
the interphases and a pellet had formed on the bottom of the tube. 
There was a small light-yellow band at the sample-0.6 M interphase 
(fraction 1), a yellow band at the 0.6-0.93 M interphase (fraction 
2), a green band at the 0.93-1.2 M interphase (fraction 3) and a 
thick green band at the 1.2-1.5 M interphase (fraction 4). All 
bands were removed from the top of the gradients and pooled with 
corresponding bands from the other tubes. Fractions were then 
slowly diluted with 0.1 M Tricine-NaOH buffer (pH 7.4) and 5 mM 
MgCl. to a final concentration of 0.3 M sucrose. The diluted frac­
tions were then pelleted by centrifugation at 150,000 χ g for 60 
min (Spinco L2-65, 65 Ti rotor). The resulting pellets and the 
pellet fraction from the gradient were resuspended in isolation 
buffer. Subsequently, aliquots of the fractions were incubated with 
J4 
UDP- C-gal for 30 min. In another experiment these pellets were 
embedded for electron microscopy as described below. 
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washed chloroplast 
pellet resuspended in 
O.J M citric acid-NaOH 
buffel (pH 5.5) 
centrifugad through 
discontinuous sucrose 
gradient (ref. 5) at 
50,000 χ g for 60 min 
I 
4 bands and pellet 
(fractions J-4 and 
pellet fraction) 
bands slowly diluted 
with 0.J M Tricine-NaOH 
buffer (pH 7.4) containing 
5 шМ MgCl to a final 
concentration of 0.3 M 
sucrose 
diluted fractions 
150,000 χ g for 60 min 
pellets resuspended 
in isolation buffer 
Osmotic shock treatment of chloroplasts folloned by fractionation 
by sucrose gradient centrifugation. 
67 
III.1.6 Pulse and pulse-chase labelling of chloroplasts 
1Д 
Chloroplasts were incubated with UDP- C-gal for 10, 30, 60 and 
90 min. After incubation the reaction mixtures were centrifuged at 
1000 χ g for 5 min (Servali RC2-B, SS-34 rotor). The pellets were 
resuspended in 3.5 ml of 0.1 M citric acid-NaOH buffer (pH 5.5). 
Subsequently, 3 ml of the suspensions were layered on top of dis­
continuous gradients consisting of 5 ml 0.6 M over 5 ml 0.93 M 
sucrose in 0.1 M Tricine-NaOH buffer (pH 7.4) and 5 mM MgCl . The 
gradients used were simplified compared to those used for fractio­
nation of the osmotically shocked chloroplasts. Thus the non-
chlorophyllous fractions could easily be separated from the chloro­
phyll containing fractions. The gradients were centrifuged at 
50,000 χ g for 60 min (Spinco L75, SW 40 rotor). The centrifuga-
tion resulted in a separation into 2 bands at the interphases of 
the sucrose layers and a pellet at the bottom of the tubes. The 
bands were removed from the top of the gradients, the lipids ex­
tracted and the radioactivity determined. 
For the pulse-chase experiment a resuspended 1000 χ g pellet, 
obtained as described above, was purified on a simple sucrose 
gradient consisting of 20 ml 1 M over 5 ml 2 M sucrose in 0.1 M 
Tricine-NaOH buffer (pH 7.4) and 5 mM MgCl . On top of each of 4 
parallel gradients 6 ml of resuspended 1000 χ g pellet were 
brought. The gradients were centrifuged at 650 χ g for 15 min 
(Sorvall RC2-B, HB-4 rotor). After centrifugation intact chloro­
plasts were concentrated at the 1 M-2 M sucrose interphase (6). 
The pooled chloroplast fractions were slowly diluted 4 times (1 ml 
per min) with 0.1 M Tricine-NaOH buffer (pH 7.4) and 5 mM MgCU. 
Subsequently, the suspension was centrifuged at 1000 χ g for 10 min 
and the pellet was gently resuspended in isolation buffer. 
After 5, 10 or 15 min incubation of intact chloroplasts with 
14 12 
UDP- C-gal a 1000-fold excess of UDP- C-gal was added and the 
incubation was continued untili a total incubation time of 15 min. 
After incubation the mixtures were centrifuged at 1000 χ g for 5 
min (Sorvall RC2-B, SS-34 rotor). The supernatants were pipetted 
off and were extracted with chloroform/methanol (1:2, v/v). The 
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pellets were osmotically shocked and fractionated as described above. 
After removal of the bands from the top of the gradients, the li­
pids were extracted. Recoveries of protein and chlorophyll were 
89Z and 109% respectively. 
111.1.7 Incubation mixtures 
For incubation of chloroplasts, chloroplast fragments or gra-
14 dient fractions, 350 pmoles of UDP- C-gal (The Radiochemical 
Centre, spec. act. 262 mCi/mmole) were added to the sample con­
taining the enzyme and the mixture was made up to 0.8 ml with iso­
lation buffer. The incubation mixtures for the pulse and pulse-
chase experiments consisted of 1.5 ml of chloroplast suspension 
(3.13 mg of chlorophyll) in isolation buffer and 0.15 ml of UDP-
14 
C-gal (2.76 nmoles, 0.75 УСі). After incubation a 1000-fold ex-
1 2 
cess (2.84 pmoles) of UDP- C-gal (Boehringer) was added to the 
reaction mixtures of the pulse-chase experiment and incubation 
was continued. Incubations were made in 10 ml test tubes, in a 
waterbath at 30 . Reactions, except those in the pulse-chase ex­
periment were stopped by the addition of 3 ml of chloroform/me­
thanol (1:2, v/v). 
111.1.8 Extraction and separation of lipids 
Lipids were extracted according to the method of Bligh and 
Dyer (7) in chloroform/methanol (1:2, v/v). Emulsions were broken 
by low speed centrifugation. Aliquots of the chloroform layer 
were used for the determination of radioactivity and separation 
of lipids. Separation of lipids was achieved by thin-layer chro­
matography on glass plates, coated with 0.25 mm Silica Gel H 
(Merck) and activated at 110 prior to chromatography. After de­
velopment in chloroform/methanol (10:1, v/v) the spots in the re­
ference lane were made visible by spraying with periodate-Schiff 
color reagent (8). Corresponding spots in the sample lanes were 
scraped off, and eluted with chloroform/methanol (2:1, v/v) into 
scintillation vials. The eluates were taken to dryeness and Bray's 
scintillation solvent (9) was added. The radioactivity was mea-
6') 
sured in a Packard Tricarb Scintillation Counter. Results were cor­
rected for machine efficiency and quenching. 
111.1.9 Determination of cytochrome-c oxidase activity 
A 20 UM solution of oxidized cytochrome-c from horse heart mito­
chondria (Boehringer) in 67 mM КаЛІРО.-КН PO, buffer (pH 7.4) was 
reduced with dithionite (Na^S^O,). When the absorbance at 550 nm no 
2 2 4 
longer increased by addition of dithionite the excess of dithionite 
was oxidized by aeration of the solution during 1 min. To 0.1 ml of 
sample 0.9 ml of reduced cytochrome-c solution is added and the 
decrease of the absorbance at 55Û nm is followed during 3 min on 
a recorder (Hitachi QPD 33) connected to a Spectronic 505 spectro-
photometer (Bausch and Lomb). 
111.1.10 Protein and chlorophyll determinations 
Protein was determined by the method of Lowry et αϊ.(10) using 
a Zeiss PMQ-II spectrophotometer. Chlorophyll was determined by 
extraction of the sample with 96% ethanol according to the method 
described by Wintermans and de Mots (II). The absorbance is read 
on a Spectronic 505 spectrophotometer (Bausch and Lomb). 
111.1.11 Electron microscopy 
Subchloroplast fractions were fixed in 3% glutaraldehyde in 
0.1 M Tricine-NaOH buffer (pH 7.4) and 5 mM MgCl2 for 1 hr and 
post-fixed in 2% KMnO, in water for 1 hr. A stepwise ethanol de­
hydration was followed by infiltration and embedding in epon. 
Thin sections were cut with a LKB ultratome and stained with 
uranylacetate (15 min) and lead citrate (4 min). The grids were 
examined using a Philips EM 201 electron microscope. 
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III.2 Galactolipid synthesis outside the chloroplast 
111.2.1 Introduction 
Since 12-38% of the galactolipids in leaves of higher plants 
is found outside the chloroplasts (J2, 13), various investigators 
have searched for the presence and synthesis of galactolipids out-
side the chloroplasts. A non-chlorophyllous preparation obtained 
from a homogenate of green spinach leaves and showing a high spe-
14 
cific incorporation activity of galactose from UDP- C-gal into 
galactolipids has already been described previously (14). Some 
workers were able to demonstrate galactolipid synthesis in mito-
chondria from potato tuber, avocado and cauliflower (15, 16, 17). 
Other workers, however, were unable to demonstrate galactolipid 
synthesis in mitochondria from pea roots (13) or could not show 
the presence of galactolipids in preparations of mitochondria ob-
tained from bean hypocotyls and potato tubers (18). In order to 
investigate whether mitochondria from green spinach leaves are 
able to synthesize galactolipids, an attempt was made to obtain a 
mitochondrial preparation free of chlorophyll containing membranes 
or other contaminants. 
111.2.2 Results 
The results of the determinations of protein, chlorophyll, cy-
tochrome-c oxidase activity and galactolipid synthesis activity 
of the gradient fractions obtained as described in IV.J.2 are com-
piled in Fig.l. The protein was found fairly evenly distributed 
over the gradient. The chlorophyll, however, was for 91% concen-
trated at the 2 interphases of J.2-1.45 M and 1.45-1.8 M. The bulk 
of the cytochrome-c oxidase activity too is present in these two 
interphases. However, the galactolipid synthesizing capability is 
mainly concentrated in the upper part of the gradient, especially 
at the 0.6-0.9 M interphase. In the heavy fractions (fractions 5-
10) the cytochrome-c oxidase activity closely follows the chloro-
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phyll distribution. This means that the mitochondria are still 
contaminated with chloroplast fragments. As can be seen, the in-
corporation of galactose also follows the chlorophyll and cyto-
chrome-c oxidase distribution in the heavy fractions. 
The highest rates of incorporation were found in the light 
fractions (fractions 13-J7), which are practically devoid of 
chlorophyll. The incorporation of galactose does not run parallel 
with the, rather low, cytochrome-c oxidase activity. These frac-
tions contain 23% of the protein present in the gradient. 
III.2.3 Discussion 
In contrast with the results of Douce et ál·. (1) the mitochon-
drial fractions (nos.5-10) were heavily contaminated with chloro-
plast fragments. Therefore, no conclusion can be drawn with regard 
to galactolipid synthesis by mitochondria from green spinach 
14 14 
leaves. The incorporation of C-gal from UDP- C-gal into galac-
tolipids observed in these mitochondrial fractions may be due to 
the contaminating chloroplast fragments. Recently, McCarty et al. 
(18) were unable to demonstrate the presence of galactolipids in 
highly purified mitochondrial preparations from etiolated mung 
bean hypocotyls and potato tubers. They thought it possible that 
the galactolipids shown to be present in mitochondrial prepara-
tions from cauliflower floret, avocado fruit and potato tubers 
(15, 16, 17) originate from the outer membranes of contaminating 
plastids. Since all plastids originate in their development from 
proplastids (J9) their outer membranes possibly have a similar 
Fig. J. Distribution of protein, chlorophyll, cytochrome-c oxidase 
activity and galactolipid synthetic capacity in fractions obtained 
after gradient centrifugation of a mitochondrial pellet. The mea-
surements were made as described in III.l. Percentage incorpora-
tion = percentage of added radioactivity recovered from the chloro-
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composition as the chloroplast envelope, which has been shown to 
contain 60% galactolipids (5). 
Although mitochondrial fragments are present in the light 
fractions (nos.]3--17) it is clear that the incorporation of galac­
tose into galactolipids observed in these fractions cannot be 
attributed to them. Because these fractions contain only 4% of the 
total chlorophyll, but 23% of the total protein, the very high in­
corporation in these fractions must be attributed to non-chloro-
phyllous particles. Since the input of the gradient was formed by 
a fraction sedimenting between 2700 χ g and 12,000 χ g such light, 
non-chlorophyllous contaminants may be mitochondrial fragments, but 
also chloroplast envelopes may be considered. 
In the next section, experiments will be described, showing that 
it is indeed possible to obtain chlorophyll-free particulate pre­
parations from purified chloroplasts having a very high activity 
in galactolipid synthesis. Observations will be presented which 
support the idea that these preparations consist largely of chloro­
plast envelopes. 
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III.3 Galactolipid synthesis in the chloKoplast 
111.3.1 Introduction 
The majority of the galactolipids of leaves of higher plants is 
located in the chloroplast where they form a structural element in 
the photosynthetic lamellae (20, 21). The biosynthesis of galacto-
lipids by chloroplasts has been investigated by several authors 
(1A, 22-29). However, only few authors have investigated the syn-
thesis of galactolipids by subchloroplast particles (25, 27). In 
view of the close relationship between the presence of galactoli-
pids and photosynthetic activity it was thought useful to investi-
gate whether galactolipid biosynthesis was correlated with either 
one of the photosystems operating in the photosynthetic lamellae 
of chloroplasts. 
In the previous section results were obtained indicating that 
galactolipids could be synthesized by a particulate fraction which 
did not contain chlorophyll, and possibly originated from the chlo-
roplasts. Therefore, the capacity of the chloroplast envelope, 
which does not contain chlorophyll either, with respect to the 
synthesis of galactolipids was also investigated. 
111.3.2 Results 
III.3.2.1 Mechanical disruption of chloroplasts 
In order to determine the site of biosynthesis of galactolipids 
within the chloroplast, the chloroplasts will have to be fractio-
nated. One of the procedures of fractionation is mechanical dis-
ruption using a French pressure cell or ultrasonic treatment. These 
methods have been developed in order to obtain subchloroplast 
fractions enriched in either photosystem I or II (30, 31). Another 
mechanical disruption device (Yeda-press) based on the same princi-
ple as the French pressure cell, and developed by Shneymour and 
Avron (32) , was used by us to obtain various subchloroplast par-
ticles of different size which can then be fractionated by dif-
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ferential centrifugation. In this way it was possible to obtain 
fractions enriched in photosystem I activity which is believed to 
be located specifically in the stroma lamellae (30, 31). 
Table 1. Distribution of chlorophyll, protein and galactolipid synthetic acti­
vity in chloroplast fractions obtained after disruption with the Yeda-press. 





































































The results are shown in table 1. As can be seen the bulk of the 
chlorophyll and protein is concentrated in fraction B, while 
fraction D contains only 5% of the total chlorophyll and 7% of the 
total protein. In the supernatant remaining after centrifugation 
at 150,000 χ g no chlorophyll could be detected. However, 13% of 
the total protein was present in this fraction, which can be 
attributed to the soluble stroma proteins. The chlorophyll a/b 
ratios in fractions A and В are not very much different from those 
of whole chloroplasts. In fractions С and D, however, there is a 
significant increase in the chlorophyll a/b ratio, which indicates 
that these fractions are enriched with photosystem I. The protein/ 
chlorophyll ratio of fractions A and В is approximately half the 
ratio of whole chloroplasts. These figures reflect the loss of 
stroma proteins in these fractions which consist of broken chloro­
plasts (fraction A) and grana (fraction B). 
The specific galactolipid synthesizing activity is highest in 
fractions С and D on a protein and chlorophyll basis, and lowest 
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in fraction A. The ratio of newly synthesized mono- to digalacto-
lipid in fraction В is close to 2 like in whole chloroplasts. In 
fractions С and D, however, the monogalactolipid is obviously pre­
ferentially synthesized. This is in contrast with the mono- to di-
galactolipid ratio of the endogenous (non-radioactive) galacto-
lipids in fractions С and D, which has nearly the value for whole 
chloroplasts (Wintermans and Marell, in preparation). 
From Table 1 it can be concluded that the high synthetic ac­
tivity in fractions С and D is correlated with a high chlorophyll 
a/b ratio. Since these fractions are low in DCIP -Hill-reaction, 
but quite active in the DCMU -resistant ascorbate-DCIP/methyl-
viologen reaction, which is characteristic for photosystem I 
(Wintermans and Marell, in preparation), it may seem that they 
originate from the stroma lamellae, which have been reported to 
contain photosystem I specifically (30, 31 ).- However, the above 
described experiment has been repeated 3 times. The relevant re­
sults for fraction D are given in Table 2. They demonstrate that 
the high synthetic activity is not correlated with the chloro­
phyll a/b ratio. 
Table 2. Comparison of chlorophyll a/b ratio and galactolipid 



































In order to establish a possible influence of the stroma 
material, which was present in the final supernatant of fraction 
D, whole chloroplasts and fractions А, В, С and D were incubated 
14 
with UDP- C-gal and the bupernatant of D. The results are shown 
in Table 3. Some inhibition was observed with whole chloroplasts 
and with fractions С and D. The inhibition was greatest with 
fraction D (22% inhibition) and decreased with decreasing amounts 
of supernatant. The nature of this inhibition was not further in­
vestigated. 
Table 3. Effect of the supernatant of fraction D on the incorpo-
14 14 
ration of C-gal from UDP- C-gal into galactolipids of fractions 
obtained after disruption of chloroplasts with the Yeda-press. 
Reaction mixtures consisted of 0.2 ml of sample containing the 
14 
enzyme, 362 pmoles of UDP- C-gal (197,000 dpm), the indicated 









































III.3.2.2 Sucrose gradient centrifugation of the 45,000 χ g 
supernatant fraction 
Since the high galactolipid synthetic activity in fraction D 
was not correlated with the high chlorophyll a/b ratio and, hence 
with the enrichment in photosystem I, as has been shown in 
III.3.2.1, it seemed logical to try to fractionate fraction D into 
subfractions in order to find out to which subfraction this high 
78 
activity could be attributed. To this end the supernatant of pellet 
С was fractionated by sucrose gradient centrifugation as described 
in III.J.4, and incorporation experiments were performed. 
Table 4. Distribution of chlorophyll, protein and galactolipid 
synthetic activity in subfractions after sucrose gradient centri­
fugation of the supernatant of fraction C. The chlorophyll con­
tent of subfractions IA and J В was estimated from their absorption 
















































The results of determinations of chlorophyll, protein and incor­
poration are shown in Table 4. The highest specific incorporation 
activity is found in fraction IB, which is practically devoid of 
chlorophyll, but contains 15% of the protein. Obviously, fraction 
D, which is obtained by centrifugating Sup С at 150,000 χ g for 
90 min, is composed of 3 green fractions (JA,2 and 3) and a 
colourless one (JB). Fractions 2 and 3 have high chlorophyll a/b 
ratios as compared to Sup С Yet, it is clear from Table 4, that 
the high galactolipid synthetic activity is not directly related 
to a high chlorophyll content or to a high chlorophyll a/b ratio, 
but rather associated with a non-chlorophyllous fraction. 
111,3.2.3 Osmotic disruption of chloroplasts 
When chloroplasts are brought into a hypotonic medium they will 
79 
swell and the chloroplast envelope will burst off. With prolonged 
hypotonic treatment of the chloroplasts the lamellar system will 
also swell and will eventually fall apart (33). In order to sepa­
rate the chloroplast envelope from the rest of the chloroplast, a 
short hypotonic treatment was followed by sucrose gradient cen-
trifugation of the shocked chloroplasts. This method has been 
developed by Douce et at. (5) in order to obtain chloroplast 
envelopes. In the present experiments the shock was given at low 
pH in order to retain the chloroplast membranes as intact as possi­
ble, since the solubilization of galactolipids and of chlorophyll 
into the medium decreases with increasing proton concentration 
(33). 
Table 5. Distribution of chlorophyll and protein in fractions 
obtained after sucrose gradient centrifugation of hypotonically 





























































In Table 5 the results of determinations of chlorophyll and 
protein in the different fractions are compiled. They demonstrate 
that fraction 4 and the pellet contain 94% of the chlorophyll and 
78% of the protein. 19% of the protein was present in the super­
natant of the gradient as a consequence of the release of soluble 
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stroma proteins into the medium after the hypotonic shock. In 
fractions J and 2 virtually no chlorophyll was present and only 
0.7% of the protein. The protein/chlorophyll ratios of fractions 
3 and 4 are lower than the input ratio which was JJ.4. This is 
not surprising because of the loss of soluble stroma proteins into 
the supernatant. In contrast with the fractions obtained after 
fractionation of mechanically disrupted chloroplasts (III.3.2.1) 
the green fractions 3 and 4 and the pellet fraction have chloro­
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Fig. 2. Specific incorporation activity of chloroplasts and of 
fractions obtained after osmotic shock treatment of chloroplasts 
in relation to duration of incubation. The fractions are the same 
as those shown in Table 5: ν—^fraction 1; Δ— ύ . fraction 2; ·—· 
fraction 3; •—• fraction 4; О—О pellet; α—α chloroplasts. 
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J4 
In order to study the incorporation of C-gal into galacto-
lipids of the various fractions as a function of the duration of 
incubation, aliquote of the fractions and of whole chloroplasts 
were incubated with UDP- C-gal during 10, 30, 60 and J20 m m . The 
specific incorporation activity as a function of the duration of 
incubation is given in Fig. 2. With prolonged incubation the rate 
14 J4 
of incorporation of C-gal from UDP- C-gal into galactolipids 
by fraction 4 and the pellet fraction and also by whole chloro-
plasts decreases to a low level. However, the incorporation into 
galactolipids of fractions I, 2 and 3 still continues with a high 
velocity even after 120 min of incubation. In Fig. 3 the specific 




Fig. 3. Specific incorporation activity of fractions obtained after 
osmotic shock treatment of chloroplasts relative to the specific 
incorporation activity of whole chloroplasts in relation to the 
duration of incubation. The specific activities have been calcu-
lated on a protein basis. The fractions are the same as those 
shown in Fig. 2. 
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incorporation activity of the fractions relative to the specific 
incorporation activity of whole chloroplasts is plotted as a 
function of the duration of incubation. A very clear difference 
appears to exist between fractions I, 2 and 3 on one hand and 
fraction 4 and the pellet fraction on the other hand. The relative 
specific activities of fractions ], 2 and 3 increase with in­
creasing duration of incubation, while fraction Д remains constant 
and the pellet fraction remains constant after a slight increase 
during the first 60 min of incubation. 
III.3.2.A Electron microscopic examination of subchloroplast 
fractions 
Electron microscopic examination of the fractions obtained after 
gradient centrifugation of osmotically shocked chloroplasts re-
Fig. 4. Electron micrographs of thin sections prepared from sub­
chloroplast fractions obtained after osmotic shock treatment of 
chloroplasts. A: fraction 2 (x 22,426); B: fraction 3 (x 22,426). 
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vealed that fraction 2 consists mainly of membrane fragments 
which often have formed vesicles (Fig. 4A). Some contamination 
with thylakoid stacks was observed, however, this contamination 
was found in the lower part of the pellet. Mitochondria and bac-
teria were only rarely observed. In fraction 3 mainly thylakoid 
stacks were found, including some membrane fragments and vesi-
cles of similar structure and size as the ones found in fraction 
2 (Fig. 4B). The remaining green fractions (fraction 4 and the 
pellet fraction) consisted of packed thylakoid stacks and chloro-
plasts with ruptured outer membranes, while fraction 1 consisted 
of similar material as fraction 2, differing mainly in the smal-
ler size of the fragments and vesicles. 
III.3.2.5 Pulse-labelling of chloroplasts followed by osmotic shock 
In III.3.2.3 the ability of various subchloroplast fractions 
to synthesize galactolipids was determined after osmotic shock 
treatment and fractionation of the chloroplasts. Therefore, no 
interaction between the different fractions during incubation with 
14 UDP- C-gal could occur. In order to investigate such interaction 
between the different subchloroplast fractions with regard to 
galactolipid synthesis -in situ, experiments were conducted in 
14 
which chloroplasts were incubated with UDP- C-gal for various 
times prior to osmotic shock and gradient centrifugation. 
14 14 
Fig. 5 shows the amount of incorporated C-gal from UDP- C-gal 
into galactolipids per mg of protein as a function of the duration 
of incubation for the various fractions and for whole chloroplasts. 
Like in Fig. 2, fraction 2 has the highest specific incorporation 
activity, which decreases slowly with increasing duration of in-
cubation up to 90 min. In contrast, the specific incorporation 
activity of the other fractions and of the whole chloroplasts is 
much less. The behaviour of fraction J is remarkable. The speci-
fic incorporation activity of this fraction follows the specific 
incorporation activity of the pellet fraction and of the whole 
chloroplasts in contrast with its behaviour in Fig. 2. Fig. 6 
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Fig. 5. Specific incorporation activity of chloroplasts and frac­
tions obtained after osmotic shock treatment of pulse-labelled 
chloroplasts in relation to duration of incubation. "?—^ fraction 1 ; 
Δ — Δ fraction 2; О—Opelletjo—D chloroplasts. 
85 
relative specific activity-








10 30 60 90 
incubation time 
Fig. 6. Specific incorporation activity of fractions obtained after 
osmotic shock treatment of pulse-labelled chloroplasts relative to 
the specific incorporation activity of whole chloroplasts, in rela­
tion to duration of incubation. The specific activities have been 
calculated on a protein basis. The fractions are the same as those 
shown in Fig. 5. 
and of fractions 1 and 2 relative to the specific incorporation 
activity of whole chloroplasts. It can be seen that the relative 
specific activity of fraction 2 decreases in the first 30 min of 
incubation, followed by an increase during the next 60 min. Fraction 
], too, exhibits a decrease during the first 30 min and remains 
more or less constant thereafter. The relative specific incorpora­
tion activity of the pellet fraction, however, increases slightly 
throughout the incubation period. This behaviour of fractions J and 
2 is in contrast with the behaviour of fractions which have been 
isolated by gradient centrifugation from shocked chloroplasts (Fig.3). 
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III.3.2.6 Pulse-chase labelling of chloroplasts followed by osmotic 
shock 
The different results obtained with fraction 2 as described in 
III.3.2.3 and III.3.2.5 respectively may be considered to suggest 
that the chloroplast envelope plays a role in the transport of ga-
lactose from the medium, in which galactose is present in the form 
14 
of UDP- C-gal, to the lamellar system of the chloroplasts. To in-
vestigate this possible role of the chloroplast envelope a pulse-
chase labelling experiment was conducted. 
The results are shown in Tables 6 and 7 and in Fig. 7. From 
Tables 6 and 7 it appears that after centrifugation of the reaction 
Table 6. Radioactivity incorporated into galactolipids in the incubation medium and the 
chloroplasts, and specific incorporation activity of several fractions obtained from the 
labelled chloroplasts by osmotic shock treatment in relation to the duration of incuba-

































































mixtures incubated with labelled and non-labelled UDP-gal, approxi-
mately one-half of the amount of radioactive galactolipids is found 
in the supernatant. Of the gradient fractions, fraction 2 again is 
highest in specific incorporation activity, while fraction J is 
even less active than the pellet fraction. In Fig. 7 the amount of 
radioactive galactolipids per mg of protein is presented as a func-
tion of the duration of chase. Clearly, fraction 2 exhibits the 
greatest and fastest decrease with increasing chase duration, while 
the pellet fraction shows a slighter decrease compared with fraction 
2. Table 7 shows the distribution of the activity incorporated 
into galactolipids of fraction 2 and the pellet fraction, and the 




Fig. 7. Specific incorporation activity of fractions obtained after 
osmotic shock treatment of pulse-chase labelled chloroplasts in 
relation to the duration of pulse-labelling and of chase. The frac­
tions are the same as those shown in Fig. 5. 
Table 7. Radioactivity incorporated into galactolipids in the in­
cubation medium and the fractions obtained from the labelled 





























bation mixture3. It appears that the relative amount of radioactive 
galactolipids in fraction 2 decreases only up to a 5 min chase and 
remains constant thereafter. In the pellet fraction, however, the 
relative amount of radioactive galactolipids increases after a 5 
min chase and continues to do so with increasing chase duration, 
the balance being made up by the radioactive galactolipids present 
in the supernatant of the incubation mixtures. 
III.3.3 Discussion 
The observations of high specific incorporation activity in 
fractions С and D obtained by the use of the Yeda-press might sug­
gest a localization of galactolipid synthesis in a specific part 
of the chloroplast membrane system, namely in the photosystem I 
containing stroma lamellae (Table 1). Another observation was the 
high mono- to digalactolipid ratio. This might be related to the 
observation of Ongun and Mudd (25) that the monogalactolipid syn­
thesizing enzyme in spinach chloroplasts was more tightly membrane 
bound than the one responsible for the synthesis of digalactolipid. 
Several repetitions of this experiment showed, that the high ga­
lactolipid synthesizing capacity of fraction D was not correlated 
with a high chlorophyll a/b ratio, but rather had to be attributed 
to a non-chlorophyllous subfraction of fraction D (Table 2). Gra­
dient centrifugation of the supernatant from which fraction D is 
derived resulted in separation of one highly active fraction con­
taining practically no chlorophyll, but 15% of the protein and 3 
green fractions (Table 4). From this it follows that the galacto­
lipid synthesizing capacity is not correlated specifically with 
stroma lamellae containing photosystem I activity. The increased 
synthetic activity in fraction 2 must rather be attributed to con­
tamination of this fraction with fraction IB. This is not sur­
prising, because"mechanical disruption of chloroplasts by the 
shearing effects in the small aperture of a Yeda-press will result 
in membrane fragments of different size. This fragments will divide 
themselves over a rather wide range in a linear sucrose gradient. 
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As already described in III.3.2.2, fraction 2 is formed by a broad 
band which starts immediately under the sample-0.6 M sucrose inter-
phase. Likewise, the green fraction 1A is most probably formed by 
a contamination of fraction 2 in fraction IB. From this it was con-
cluded that the high galactolipid synthetic activity which was ob-
served in a fraction enriched in photosystem I is not due to the 
membranes engaged in photosynthetic reactions. Although these mem-
branes do synthesize galactolipids, the highest synthetic activity 
is exhibited by a contaminating fraction. More specific experiments 
were performed in order to investigate the possibility that galac-
tolipid synthesis in this fraction might be due to chloroplast en-
velopes, since these are the only non-chlorophyllous membranes 
known to be present in chloroplasts. 
By isolating the outer membranes from the chloroplasts it was 
possible to investigate their ability to synthesize galactolipids 
The light fractions obtained after gradient centrifugation con-
tained only a trace of chlorophyll (Table 5). The chlorophyll con-
taining fractions had chlorophyll a/b ratios which were not dif-
ferent from those of whole chloroplasts; osmotic treatment of the 
chloroplasts detaches the envelope and causes the lamellar sys-
tem to swell, but does not disrupt it into particles enriched in 
either photosystem I or II. 
The light fraction 2 does contain membrane fragments which are 
mostly not similar to thylakoids (Fig. 4A). Comparison with the 
corresponding chloroplast envelope fraction isolated by Douce et 
al. (5) shows a good measure of agreement. Since in the experiment 
reported in section III.2, highly active fractions were obtained 
at the same density in a sucrose gradient, which were low in cyto-
chrome-c oxidase activity, it does not seem probable that fraction 
2 originates from mitochondrial contamination. Moreover, this 
fraction was also obtained from chloroplasts purified by sucrose 
gradient centrifugation as described by Leech (6). Therefore, it 
seemed unlikely that fraction 2 should derive from other cyto-
plasmic particulate matter. Hence, we consider it to originate 
from the chloroplast envelopes. More definitive proof could be ob-
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tained by testing this fraction for the marker enzyme DCCD-insensi-
2+ 
tive Mg -dependent ATPase found to be associated specifically with 
the chloroplast envelope by Douce et dl. (5). These workers also 
found this enzyme to be present in fraction 3. They concluded 
therefore that fraction 3 was contaminated with envelopes. The 
fraction 3 (Fig. 4B) obtained by us contained membrane fragments 
and vesicles as observed in fraction 2. This could explain the 
relative high incorporation activity found in fraction 3 (Fig. 2), 
as originating from the highly active fraction 2. If the incor­
poration activity found in fraction 3 were due to the thylakoids, 
it would be expected that fraction Д and the pellet fraction, 
which consist almost exclusively of thylakoids, would show a much 
higher incorporation activity than they actually do. 
Our results differed from those obtained by Douce et al. (5), 
in that another non-chlorophyllous fraction was obtained with a 
lower density than the chloroplast envelopes (fraction 1, Table 5). 
Although fraction 1 differs from fraction 2 in the size of frag­
ments and vesicles, it behaved in a similar manner as fraction 2 
14 14 
with respect to incorporation of C-gal from UDP- C-gal, especi­
ally when the incubation took place after isolation of the frac­
tion (Fig. 2). However, the incorporation behaviour of fraction 1 
•in situ is different (Fig. 5). Hypothetically speaking this could 
indicate that fraction 1 exhibits a high turnover rate in situ and 
loses its galactolipids rapidly after their synthesis. However, any 
certainty with respect to this behaviour can only be obtained after 
a biochemical comparison of this fraction with fraction 2 with re­
gard to lipid composition and marker enzyme activity. This also 
could ascertain the origin of this fraction. 
Another difference between incubation before or after osmotic 
shock treatment is that the relative specific incorporation activi­
ty of the envelope fraction decreases during the first 30 min of 
incubation when they are labelled in situ and isolated thereafter 
(Fig. 6), but increases when the fractions are labelled after their 
isolation (Fig. 3). This behaviour is also exhibited by fraction 1. 
This is in contrast with the behaviour of the pellet fraction 
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whose relative specific activity increases very slightly through-
out the incubation period. This behaviour of the chloroplast enve-
lopes may be taken to suggest that they function as a place where 
galactolipids are synthesized and from where they are subsequently 
released to the lamellar system. 
This assumption is supported by the results from a pulse-
chase experiment, where it was found that the percentage of chloro-
form-soluble radioactivity in the lamellae increased and the per-
centage of chloroform-soluble radioactivity in the envelope frac-
tion decreased with increasing chase (Table 7). A tendency to de-
creasing percentage of incorporation was also seen with the incu-
bation medium. In view of the surprisingly large percentage of in-
corporated radioactivity in this medium, with low protein content 
and no detectable chlorophyll it should be further investigated, 
whether this radioactivity was particle bound, or truly in the 
soluble phase. In any case, the rate of chase from the medium and 
fraction 2 is not very high, and, at least for fraction 2, is 
restricted to the first few minutes of chase. 
The results obtained so far indicate that a very active site 
of galactolipid biosynthesis is localized in the chloroplast enve-
lope. Although the described pulse-chase experiment did not show 
a very great chase of radioactivity, it should be kept in mind 
that for this experiment use was made of chloroplasts from mature 
fully green spinach leaves. Therefore the experiment should be re-
peated with greening etioplasts. Since in greening etioplasts the 
galactolipid synthesis is very active as a result of the constitu-
tion of the lamellar system in which most of the galactolipids are 
localized, synthesis and subsequent transportation of galactolipids 
should be more easily demonstrable. 
Although a non-green fraction from chloroplasts exhibits high 
galactolipid synthetic activity, the green fractions do synthesize 
galactolipids too (Tables J and A). In the grana relatively more 
digalactolipid is synthesized (fraction B, Table 1), while outside 
the grana there is a relative preference for monogalactolipid syn-
thesis. These facts could be of use in investigations with regard 
to a possible transport of galactolipids from chloroplast envelopes 
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to the lamellar system. It should be investigated what the mone-
to digalactolipid ratio is in the fractions of Table 7. The amount 
of double-labelling of the digalactolipids should be considered, 
too, e.g. with the aid of a- and ß-galactosidase. 
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Summary 
This thesis deals with investigations on the biosynthesis of 
galactosyl diglycerides (galactolipids) within and outside 
chloroplasts of green spinach leaves. 
In chapter I a survey is given of the literature on the loca­
lization, the synthesis (chemical as well as biochemical) and the 
degradation of galactolipids. Furthermore, attention is paid to 
the functions ascribed to galactolipids. 
In chapter II it is demonstrated that the biosynthesis of ga­
lactolipids is influenced by enzymes which are engaged in galac­
tose metabolism. A soluble heat labile, protein-like inhibitor of 
the biosynthesis is present in the 100,000 χ g supernatant after 
centrifugation of a homogenste of spinach leaves. 
The monogalactosyl/digalactosyl diglyceride ratio can be 
changed by freezing and thawing and by Triton X-100. Freezing and 
thawing osmotically shocked chloroplasts increases the formation 
of monogalactosyl diglyceride, while addition of Triton X-100 re­
sults in a relative increase in digalactosyl diglyceride formation. 
Investigations about the localization of the biosynthesis of 
galactolipids within and outside the chloroplasts are described in 
chapterlll. Mitochondrial preparations from green spinach leaves 
exhibit a high specific biosynthetic activity. However, the pre­
parations were always contaminated with green material. By sucrose 
gradient centrifugation it has proved possible to obtain fractions 
which contain very little chlorophyll and which still exhibit cyto-
chrome-c oxidase activity (a marker enzyme for mitochondria). The 
highest specific biosynthetic activity was found in fractions with 
a very low chlorophyll content and low cytochrome-c oxidase acti­
vity. Their location in the gradient was comparable with that of 
the chloroplast "envelope" fractions described in III.2.3. This 
suggests the probability that mitochondria are of minor importance 
in galactolipid synthesis. 
When chloroplasts are fractionated mechanically and centrifuged 
differentially, the fragments sedimenting between 1000 and 10,000 
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χ g (mostly grana) are significantly lower in galactolipid synthe­
tic activity (on a protein and a chlorophyll basis) than the par­
ticles sedimenting at 150,000 χ g which are regarded as stroma la­
mellae which contain the photosystem I activity. The galactolipid 
synthetic activity in this fraction has been demonstrated to be 
caused by a subfraction which does not contain chlorophyll. 
When intact chloroplasts are hypotonically shocked at low pH 
(5.5) and subsequently fractionated by sucrose gradient centrifu-
gation, two practically colourless fractions are obtained exhibi­
ting much higher specific galactolipid synthesis than the green 
fractions. According to data from the literature and from elec-
tronmicroscopic examination this would involve the "envelopes", 
the double outer membrane that surrounds the chloroplast. The 
difference in incorporation rate of radioactive galactose from 
UDP-galactose into galactolipids was especially large with short 
incubation times. Pulse and pulse-chase experiments with intact 
chloroplasts which are subsequently osmotically shocked and 
fractionated on sucrose gradients give reason to presume that the 
outer membranes of chloroplasts play an important role in the syn­
thesis of galactolipids for the thylakoids. 
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Samenvatting 
In dit proefschrift worden onderzoekingen beschreven aangaande 
de biosynthese van galactosyl diglyceriden (galactolipiden) in en 
buiten chloroplasten van groene bladeren van spinazie. 
In hoofdstuk I wordt een literatuuroverzicht gegeven betref-
fende de localisatie, de opbouw (zowel chemisch als biochemisch) 
en de afbraak van galactolipiden. Verder wordt aandacht besteed 
aan de functies die aan galactolipiden worden toegeschreven. 
In hoofdstuk II wordt aangetoond, dat de biosynthese van ga-
lactolipiden beïnvloed wordt door enzymen die betrokken zijn bij 
het galactose metabolisme. Een oplosbare, warmte labiele, eiwit-
achtige remmer van de biosynthese is aanwezig in het 100.000 χ g 
supernatant dat resteert na centrifugering van een homogenaat van 
spinazie bladeren. 
De verhouding van monogalactosyl diglyceride tot digalactosyl 
diglyceride kan worden veranderd door bevriezen en ontdooien en 
door Triton X-100. Bevriezen en ontdooien van osmotisch geshockte 
chloroplasten vergroot de monogalactosyl diglyceride vorming, ter­
wijl toevoeging van Triton X-100 resulteert in een relatieve ver­
groting van de digalactosyl diglyceride vorming. 
Onderzoekingen naar de localisatie van de biosynthese van ga­
lactolipiden in en buiten de chloroplasten staan beschreven in 
hoofdstuk III.Mitochondriën-preparaten uit groene spinazie bladeren 
hebben een hoge specifieke biosynthese activiteit. De preparaten 
waren echter altijd met groen materiaal verontreinigd. Door sucrose 
gradiënt centrifugering is het mogelijk gebleken fracties te ver-
krijgen die zeer weinig chlorofyl bevatten en nog actief zijn 
t.a.v. cytochroom-c oxidase (een marker enzym voor mitochondriën). 
De hoogste specifieke biosynthese activiteit werd gevonden in 
fracties met zeer gering chlorofylgehalte en lage cytochroom-c 
oxidase activiteit. De plaats in de gradiënt kwam overeen met die 
van de chloroplast "envelope" fracties beschreven in III.2.3. Dit 
maakt het waarschijnlijk dat mitochondriën van minder belang zijn 
in de galactolipid synthese. 
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Wanneer chloroplasten mechanisch gefractioneerd worden (m.b.v. 
een Yeda-press) en differentieel gecentrifugeerd, dan zijn de 
fragmenten die tussen 1000 en 10.000 χ g sedimenteren (overwegend 
grana) significant lager in galactolipid synthese activiteit (op 
eiwit en op chlorofyl basis) dan de kleine deeltjes die bij 
150.000 χ g sedimenteren en beschouwd worden als stromalamellen 
die lichtsysteem I activiteit bezitten. De hoge galactolipid syn­
these activiteit in deze fractie blijkt te worden veroorzaakt 
door een subfractie die geen chlorofyl bevat. 
Wanneer hele chloroplasten hypotonisch geshockt worden bij een 
vrij lage pH (5.5) en vervolgens gefractioneerd worden door 
sucrose gradiënt centrifugering, worden twee vrijwel kleurloze 
fracties verkregen die een veel hogere specifieke galactolipid 
synthese activiteit hebben dan de groene fracties. Volgens gege-
vens uit de literatuur en uit electronenmicroscopisch onderzoek 
zou het hier de "envelopes", de dubbele membraan die de chloro-
plast omgeeft, betreffen. Het verschil in incorporatie snelheid 
van radioactief galactose uit UDP-galactose in galactolipiden was 
vooral groot bij korte incubatietijden. Pulse en pulse-chase ex-
perimenten met intacte chloroplasten die daarna osmotisch ge-
shockt en op een sucrose gradiënt gefractioneerd worden geven re-
den te veronderstellen dat de buitenmembranen van chloroplasten 




De schrijver van dit proefschrift werd geboren op 28 mei 1948 te 
Leiden. Na het doorlopen van de lagere school te Leiden werd van-
af september 1960 middelbaar onderwijs gevolgd aan het St. Bona-
venturalyceum te Leiden. In juni 1965 werd het HBS-B diploma be-
haald. In september 1965 werd begonnen met de scheikunde studie 
aan de Rijks Universiteit te Leiden. In september 1968 werd het 
kandidaatsexamen (letter G) afgelegd. Het doktoraalexamen, dat in 
november 1970 werd afgelegd, omvatte het hoofdvak biochemie bij 
Prof.Dr. H.Veldstra (neurochemie van rattehersenen), het bijvak 
organische chemie bij Prof.Dr. E.Havinga (fotochemie van gesub-
stitueerde aromatische verbindingen) en de derde richting fysisch-
chemische scheidingsmethoden bij Dr. H.W.Joustra. 
Vanaf 1 december 1970 volgde een aanstelling als wetenschappelijk 
medewerker aan het Botanisch Laboratorium te Nijmegen met als 







De conclusie van Ben Abdelkader en Mazliak dat er uitwisseling van fosfohpide-
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Ш 
De bevorderende werking van cyclisch AMP op de strekkingsgroei van 
hypocotylen van slazaad (Lactuca sativa) is aspecifiek en kan worden toe­
geschreven aan een pH-effect. 
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IV 
Het ontbreekt Gamalei aan bewijzen dat er cellulose-microfibnllen in Golgi 
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V 
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extractie van nuclemezuren uit plantaardig materiaal geeft aanleiding tot 
onjuiste interpretaties van de resultaten 
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VI 
De galactosyltransferases die in het supernatant gevonden zijn na centrifugeren 
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VII 
De experimenten van Emmerich duiden op binding van het steroid ecdyson 
aan cellulair(e) eiwit(ten). Of deze binding specifiek is kan niet uit zijn 
experimenten worden afgeleid. 
H. Emmerich Gen. Comp. Endocrinol. 19, 543 (1972). 
Vili 
Het gebruik van glycolipiden als "bindmiddel" bij de verwerking van het 
lysine-rijke sojameel in brooddeeg kan een serieuze bijdrage leveren aan de 
oplossing van het wereldvoedselprobleem. 
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Meerkeuzetoetsen zijn vergelijkbaar met draaiorgelboeken; er komt nooit 
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